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SUMMARY 
Standards, electrical codes and other instructions often read like the prime selection and design criteria, but in 

fact provide nothing more than a minimum value for a generally acceptable level of safety and reliability. The 

cable does not need to become as hot as the standard tolerates. If the maximum permissible operating 

temperature is actually reached, the cable is already way beyond its energetic and economic optimum. 

Choosing a larger cable cross section than what the standard prescribes saves energy and money and provides 

genuine safety. This will be explained in detail below. Two approaches will be developed, first a basic one 

making a fairly simple assumption, and then an upgrade of the former, trying to incorporate existing 

standardized load profiles to arrive at a more accurate result. The outcome of this sophisticated process will be 

a simple rule of thumb for a few specific cases (Table 15) and a “cookbook recipe” detailing how to arrive at 

such a result under different conditions. This is completed with a list of basic rules. The ultimate goal is a 

minimum life cycle cost, which will also lead to safety and reliability levels that are higher than the minimum 

requirements.  
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INTRODUCTION: MORE CABLE COSTS LESS 
On average, 50 m of a NYY 5*4 mm

2
 cable costs around EUR 95 [1]. With installation method B2 according to 

VDE 0298-4 [2] this cable can carry an operating current of 27 A if three conductors are loaded. The dissipated 

heat loss is 678 W. At an electricity price of 23 EUR ct/kWh, the costs of the energy losses have reached the 

purchase price of the cable after 611 h. After just one month, the cable has already been paid for twice. After 

one year, the cost of this cable has already reached thirteen times the initial purchase price. Using installation 

method C, even increases the factor to seventeen. 

In reality, cables and wires are rarely operated at a constant load. And if they are, this load is hardly ever equal 

to the maximum permissible load. Note however, it is also worth considering a thicker cable cross-section than 

required under the present standards with those other, less heavy load patterns. The question arises as to how 

to calculate the optimum size of the cable cross-section with the aim of minimizing life cycle costs. 

The principle problem is that it depends primarily on the load profiles as to whether and to what extent it is 

worthwhile over-dimensioning the conductor cross-sections. Unfortunately, the approaches to date to 

designing cable and wiring installations for minimum life cycle costs simply assume the load profiles are 

accurately known. This is also what standard IEC 60364-8-1 (energy efficiency of low voltage installations) 

states in clause 6.2 “Determination of load profile”. This clause reads as follows: 

“The main load demands within the installation shall be determined. The loads in kVA, together with their 

durations of operation and/or an estimation of the annual load consumption (in kWh) should be identified and 

listed.” 

Clause 6.7.2 further states that: 

“Increasing the cross-section of conductors will reduce the power losses. This decision shall be made by 

balancing the energy savings achieved over a certain time against the additional investment cost for over-

sizing. For cables, the chosen size shall be determined taking into account the cost of losses that will occur 

during the working life of the cable against the initial cost of the cable. […] NOTE: In some applications 

(particularly industrial), the most economical cross-section of a conductor may be several sizes larger than that 

required for thermal reasons.” 

Reference is then made to IEC 60287-3-2 “Economic optimization of power cable size” [3]. This, however, like 

many other current approaches in the standards, assumes that the load profiles are accurately known. Yet this 

is rarely ever the case. So what can be done to improve this and other related situations? 
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APPROACH 1: AVERAGE HYPOTHESIS 
What is the average of 1 mm and 1 km? Unless otherwise specified, it is usually the arithmetic mean that is 

referred to when we speak about the average of two values. This is the value that is equidistant from the two 

original values on a linear scale. In the present case that would be approximately 500 m, or 500.0005m to be 

precise. However, gut feeling would suggest that this value is much too close to the upper and too far away 

from the lower limit of the range. In this example, the value of 1 m is more likely to suggest itself to the 

technician as an average between 1 mm and 1 km. This would correspond to the geometric mean. This refers 

to the value that is in the same ratio to the upper and lower limits of the specified range. In other words, it 

differs from the upper and lower limits of the range by the same factor and therefore would lie midway 

between the two on a logarithmic scale. This average is more relevant than the arithmetic approach in those 

cases in which the smallest value is very small, i.e. is close to 0, and the largest one is a much higher value. It is 

determined by multiplying the x values and then extracting the x
th

 root from the product, instead of dividing 

the sum of all values by the number of values. 

RESIDENTIAL BUILDINGS 

A standardized load profile for homes exists, namely H0 [4]. This, however, is only to be used for the 

connection of the entire property, for instance from the distribution network to the meter (Figure 1). Behind 

the meter, the power is distributed to the final circuits in a very uneven manner in terms of both time and 

space. 

AN INDIVIDUAL CONSUMER 
Consider, for example, the socket in the laundry room. If that is intended solely for the washing machine, the 

load of this circuit can be estimated fairly accurately. During a two-hour wash cycle, there is approximately half 

an hour in which the machine consumes a current that represents a substantial load for the installation cable 

(Figure 2). The length of the cable from the distribution box to the laundry room is estimated to be 13 m. The 

increase in electrical resistance due to the rise in temperature is ignored, and the ambient temperature in the 

cellar is assumed to be 20 °C. The monitoring values (Figure 2) consist of the active, reactive and apparent 

power recorded in 1 second intervals. The instantaneous current is calculated from the apparent power and 

the rated mains voltage. The energy loss in the line during the respective second follows from this. The sum of 

all the individual values per second then results in the energy loss for one wash. At 125 washes per year, the 

resulting energy loss on the laundry room circuit will be 70 cents (Table 1). 

If the cable is upsized from 3*1.5 mm
2
 to 3*2.5 mm

2
, the annual cost of the losses can be reduced to 50 cents 

(Table 2). This is a saving of 20 cents per year. The present cost of 13 m of a MYM-J 3*1.5 mm
2
 cable is around 

EUR 12.50. A similar cable with 3*2.5 mm
2
 conductor sections would cost EUR 16.80. The payback period of 

the latter cable compared to the first one would be more than 20 years. The potential in this case is obviously 

very limited because there is only a substantial load on the circuit for around 60 hours per year. 
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Figure 1 – Connection for a terraced house (1983). 

 
Figure 2 – Power consumption curve of a washing machine over one wash cycle. 

 
Table 1 – Calculation of the annual line losses with a standard cable of 1.5 mm²... 
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Line length: 13.0 m

Conductor cross section: 1.5 mm²

Washes per year: 125

Electricity price: 29.7 ct/kWh

Share of line losses: 1.65%

Electricity cost per wash: 34.29 ct

Annual electricity cost: 43.56 €/a

Line loss cost per wash: 0.56 ct

Annual line loss cost: 0.70 €/a
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Table 2: ... and with upgraded cross-section of 2.5 mm², resulting in a saving of 20 cents per year! 

THE ENTIRE INSTALLATION 
It is fairly easy to monitor the load profile of a washing machine over a wash cycle and assign the appropriate 

line losses to the cable that is supplying this single load. The resolution could be refined further by making 

several monitoring recordings for different wash programs and by keeping a log for one year of how many of 

each wash cycle is being used. With those refinements, the calculated annual line loss could rise to 72 cents or 

fall to 68 cents, but it will not change dramatically. This case can therefore be left as it is. 

For the usual circuit that supplies various consumers with different load profiles, partly simultaneously, partly 

alternately, establishing costs with precision quickly becomes difficult. What can help in such a case is to 

compare the most and least favorable cases. The truth will most likely be somewhere in the middle (the 

previously described geometric average). 

For example, a connection for a terraced house (built in 1983 with an average annual consumption 3,110 kWh, 

see Table 3) is loaded with barely 1.5% of its rated capacity of 3 * 35 A. The least favorable case (with the 

greatest possible line losses) would be to distribute the annual electricity consumption of the given household 

in the shortest possible time via as few circuits as possible. This would correspond to a load of three circuits — 

one per phase conductor — of 17.6 A (each via a circuit breaker B 16 A, since up to 1.1 *In it is guaranteed that 

“nothing happens”). For the second three circuits — one per phase — a further 17.4 A is left until the three 

main 35 A fuses are fully utilized, and the remaining six final circuits stay unloaded. This load distribution 

would yield the greatest possible power loss and the entire annual electricity consumption of the chosen 

household would run through the meter in only 129 hours. The annual energy loss would be around 29.6 kWh 

per phase, or 88.7 kWh in total (Table 3). 

The most favorable case (with the lowest line losses) would be to distribute the annual electricity consumption 

as evenly as possible, i.e. a constant load over the entire year and equal currents on all 12 final circuits. Then, 

each of the circuits would be loaded constantly with 129 mA. 

In the first scenario, the energy loss is around 88.7 kWh/a, while in the second it is just 0.7 kWh/a. The ratio 

between both figures is approximately 100. Consequently, the truth will most likely lie at the geometric mean 

between the two scenarios: 

 The best scenario causes hardly any losses. Calculations reveal an amount of just 0.021% (210 ppm) of 

the annual consumption. 

 Even the least favorable scenario would only produce a loss of 2.83%. 

 The geometric mean results in a loss of around 0.245%, which would correspond to an efficiency of 

99.755% for the electrical installation of the entire house. 

At first sight, this figure will not suggest a substantial savings potential by increasing the conductor cross-

sections. 

Line length: 13.0 m

Conductor cross section: 2.5 mm²

Washes per year: 125

Electricity price: 29.7 ct/kWh

Share of line losses: 1.19%

Electricity cost per wash: 34.13 ct

Annual electricity cost: 43.17 €/a

Line loss cost per wash: 0.40 ct

Annual line loss cost: 0.50 €/a
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Table 3 — Extreme scenarios “Most favorable case” and “Least favorable case” and the resulting geometric 

average for a private household; annual line losses for all three cases. 

OFFICE FLOOR 

An office building produces completely different values. In the example chosen (again built in 1983, see Table 

3), a floor is protected with 3 * 100 A. Each outer conductor is split between 7 final circuits of 10 A each (Fig. 

3). If the annual consumption of 91,466 kWh in 2015 is divided according to the specified methods, this gives a 

mean utilization of around 20%. This exceeds the corresponding value for the above-mentioned terraced 

house by 13 times. An energy loss can therefore be calculated for the final circuits of minimum 401 kWh/a 

(0.439%) and maximum 2,625 kWh/a (2.87%), corresponding to 1,026 kWh/a in the geometric mean 

between the two: 

kWhkWhkWhWWW MaxMinMean 10262625401   

That looks more like an actual energy saving. Because of the significantly higher utilization of the floor 

distribution, the spread between the minimum and maximum scenarios — and therefore the uncertainty — is 

correspondingly less. Admittedly, here too the cable lengths could only be estimated and were taken into 

account as a general average, but this does not influence the payback period (cf. Approach 2), since the costs 

of both material quantities and energy losses are proportional to the cable length. 

 

Table 4 — Corresponding calculation to Table 3, here for an office floor. 

The distribution is also different from those in residential buildings, in accordance with the purpose. The 

limiting factor is the number of circuits; even if they were all used at full load, they would still not charge the 

main fuse up to its limit. In residential buildings, the ubiquitous availability of electrical energy prevails over 

Ohmic line loss in a German residential installation – total annual energy consumption evenly distributed across the year (absurd)

versus total annual energy consumption concentrated across the shortest possible period of time (just as absurd)

– the truth must lie somewhere in between (close to the geometric mean)

Final ciruits Current / line Power / phase Line power loss

No.
Rat-

ing

Mean 

length

Cross 

section
min. max. min. max. min. max.

4.0 kVA 116 W min. 0.17 kWh/a 0.005%

8.1 kVA 230 W max. 29.58 kWh/a 0.951%

4.0 kVA 114 W mean 2.24 kWh/a 0.072%

4.0 kVA 116 W min. 0.17 kWh/a 0.005%

8.1 kVA 230 W max. 29.58 kWh/a 0.951%

4.0 kVA 114 W mean 2.24 kWh/a 0.072%

4.0 kVA 116 W min. 0.17 kWh/a 0.005%

8.1 kVA 230 W max. 29.58 kWh/a 0.951%

4.0 kVA 114 W mean 2.24 kWh/a 0.072%

min. 0.51 kWh/a 0.016%

max. 88.75 kWh/a 2.853%

mean 6.71 kWh/a 0.216%

Annual 

con-

sumption P
h

a
s
e Line-to-

neutral 

voltage

Main 

fuse

Full-load 

equivalent

3
1
1
0
 k

W
h

L1

230V

35 A 4 16 A 12.5 m 1.5 mm² 0.129 A 17.6 A

Totals / means: 105 A 12

16 A 12.5 m 1.5 mm²

16 A 12.5 m

0.019 W

129 h/a 21 min/d

129 h/a 21 min/d

48 A 37.5 m

35 A 4

35 A 4

129 h/a 21 min/d 0.019 W

0.058 W 689 W0.36 kVA 24.2 kVA

0.12 kVA

0.129 A 17.6 A 0.12 kVA

0.129 A 17.6 A

1.47%

0.019 W

Annual line energy loss 

depending on

type of load profile

1.5 mm²

0.12 kVA

L3

L2

Ohmic line loss on a German office flat – total annual energy consumption evenly distributed across the year (absurd)

versus total annual energy consumption concentrated across the shortest possible period of time (just as absurd)

– the truth must lie somewhere in between (close to the geometric mean)

Final ciruits Current / line Power / phase Line power loss

No.
Rat-

ing

Mean 

length

Cross 

section
min. max. min. max. min. max.

17.7 kVA 508 W min. 134 kWh/a 0.146%

17.7 kVA 508 W max. 875 kWh/a 0.957%

0.0 kVA 0 W mean 342 kWh/a 0.374%

17.7 kVA 508 W min. 134 kWh/a 0.146%

17.7 kVA 508 W max. 875 kWh/a 0.957%

0.0 kVA 0 W mean 342 kWh/a 0.374%

17.7 kVA 508 W min. 134 kWh/a 0.146%

17.7 kVA 508 W max. 875 kWh/a 0.957%

0.0 kVA 0 W mean 342 kWh/a 0.374%

min. 401 kWh/a 0.439%

max. 2625 kWh/a 2.870%

mean 1026 kWh/a 1.122%

1525 W10.4 kVA 53.1 kVA 19.64% 45.80 W

15.27 W1722 h/a2.162 A 11.0 A 3.5 kVA1.5 mm²

Totals / means: 300 A 21 30 A 60.0 m

Annual 

con-

sumption P
h

a
s
e Line-to-

neutral 

voltage

Main 

fuse

9
1
4
6
6
 k

W
h

L1

230V

20.0 m

283min/d

2.162 A 11.0 A

Full-load 

equivalent

3.5 kVA 1722 h/a 283min/d

3.5 kVA 1722 h/a

L3 100 A 7 10 A 20.0 m

L2 100 A 7 10 A 20.0 m 1.5 mm²

1.5 mm² 2.162 A 11.0 A100 A 7 283min/d

Annual line energy loss 

depending on

type of load profile

10 A

15.27 W

15.27 W



   

 

Publication No Cu0251 

Issue Date:     December 2017  

Page 10 

 

the volume actually used. As a result, the residential design is different from those in the office under 

consideration. The main fuse does not provide anywhere near as much power as the final circuits could 

distribute. This was taken into account accordingly in the calculations of the tables reproduced here. 

 

Figure 3 — Distribution panel of the office floor. 

The potential energy saving that exists in this case had already been partially converted during the original 

planning of the office in question. Indeed, although the final circuits had been provided with a conductor 

cross-section of 1.5 mm², they had only been fused at 10 A. This is probably down to the limitation of the 

voltage drop on the cables, some of which are quite long. So the stringent requirements to limit the voltage 

drop result in energy savings. This can be seen as a positive side effect when designing systems as well as 

during the current revision of the voltage drop standards. 

It is also worth mentioning the high power consumption. This suggests that there is not only an energy savings 

potential in the cables, but also at the place of use. In total, the tenant was charged for a consumption of 

250,869 kWh. If it is assumed that each of the 13 employees spends 2,000 hours in the office and 5,000 hours 

at home each year, those employees have a power consumption of almost 10 kW each during working hours. 

Compare this to the employee from the two-person household in Table 3 which consumes just 300 W. So one 

hour's office work consumes 30 times as much electrical energy as one hour's leisure time. Whether this is 

normal will have to be clarified elsewhere. 

INDUSTRIAL COMPANY 

Industrial load profiles can vary considerably. We start with a case of an almost continuous load, which is 

typical for certain industrial companies. 

A cable 5 * 4 mm² is loaded on a three-phase basis with a load profile close to its rated capacity: 14 hours a 

day at 100% and 10 hours a day at 50% of the permissible current. The load is symmetrical and free from 

harmonics, so there is no current in the neutral conductor. In installation method A2 of VDE 0298-4, the 
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current carrying capacity is then 23 A per conductor. This is the smallest value that occurs for this cross-

section; all other installation methods allow higher values. Nevertheless, with an electricity tariff of just 11 

ct/kWh, the cost of the energy losses is already a multiple of the cable price after 10 years of operation. In fact, 

the conductor cross-section has to be increased by no fewer than 4 standard steps, to four times the thermally 

required cross section, to achieve the economic optimum (Table 5, Figure 4). A cable of 4 mm
2
 suffices from a 

thermal point of view, but the lowest life cycle cost is achieved with a cable cross section of 16 mm
2
. 

 
Figure 4 — Cable prices, loss costs and overall costs of a cable for a typical industrial load profile over 10 years 

depending on conductor cross-section (only 4 mm² required). 

 

 
Table 5 — Initial values for the calculation shown in Figure 4. 

PECULIARITIES 
Interestingly, there is a kink in the curve of the cable price between 16 mm² and 25 mm² (Figure 4). This is due 

to the fact that only a single reasonable price list could be found [1], and that one only went as far as 16 mm². 

All others offer nothing more than a sort of fictional accounting units that cannot be confirmed on the market. 

Furthermore, all the price lists that can be found are very old; publishing prices seems to have gone completely 

out of fashion. However, why is it then that the old lists are still available on the current providers’ websites, 

labeled as “originals” and not, for instance, as historical left-overs from third parties? 

DEALING WITH THE PECULIARITIES 
In the end this does not play a decisive role in the case of larger conductor cross-sections, since their prices are 

largely determined by the metal price. The prices of metals fluctuate significantly, but only over time and not 

from country to country or provider to provider. So the cable prices given here are “hollow prices”, which 

means it is the price for the cable without the conductor metal. The metal is billed subsequently at the daily 
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  →

Conductor cross section  →

Life cycle costs of cables (10 years):
Load: 14 h/d at 23 A; 10 h/d at 11.5 A,

copper price 4.10 €/kg,
electricity price 0.11 €/kWh

Loss costs

Cable price

Total costs

Lifetime 10.00 years

Density of conductor material 8.93 kg/l

Price of conductor material 4.10 €/kg

Load at day 14h/d mit 23.0 A,

Load at night 10h/d mit 11.5 A

Neutral conductor load at day 0% = 0.0 A

Neutral conductor load at night 0% = 0.0 A

Electricity price day 110.00 €/MWh

Electricity price night 110.00 €/MWh

Installation method A2

No. of loaded conductors 3
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price. An employee of a cable and insulated wire trade association involved with standardization has even sug-

gested only taking the copper cost into account; this would be sufficiently accurate for the present rough 

estimation. The kink would then not have occurred. However, with the method presented here, the accuracy is 

still slightly better. 

Only copper cables were taken into consideration. Aluminium would have given different results, but aluminum 

— with good reason — is rarely ever used in industrial networks. 
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APPROACH 2: INCLUDING EXISTING LOAD PROFILES 
The potential saving of increasing the copper conductor section rises and falls with the load profile. The 

duration of the — usually unsteady — load is to be integrated over the square of the load current, to obtain a 

measure of the saving potential. The task now is to find out whether this can be done in an approximate way 

by using existing standard load profiles. The second question is whether these approximations can be used for 

a second, more accurate estimate through the method of the geometric average of two definable unreal 

extreme scenarios. 

THE ANNUAL RMS VALUE 

There is another complication. The load current is not only distributed unevenly temporally over the year, but 

also spatially over the individual circuits. If the calculation is made on the basis that the current is always 

evenly distributed over the final circuits, the result is overly optimistic. We will nonetheless keep this result 

here as a benchmark. 

Conversely, all final circuits are hardly ever fully loaded in any system, neither simultaneously nor 

consecutively, let alone continuously. However, if we assume that in each final circuit the highest load 

occurring during the year is also the highest permissible, we obtain an overly pessimistic result for the energy 

losses. This could therefore serve as an opposite benchmark. Up to here, the method still resembles Approach 

1. 

 
Table 6 — Data underlying the calculations according to Table 7. 

So from now on, we assume standardized load profiles. These refer to the typical annual course of the active 

power drawn or the active energy (work) of a particular type of load. Here we assume that this power is drawn 

with a power factor of λ = 1 (P = S) and at nominal voltage. This allows the power values of the load profile 

(the 15-minute averages of the active power) to be converted directly into the current values in the line. The 

inaccuracy arising from the fact that the line loss, of course, depends on the apparent power, or more 

precisely on the apparent current, while the electricity bill only shows the active energy, must be borne here. 

In any case, other uncertainties in this assessment are even greater. 

It is also assumed that a cable with a cross-section of 3 * 1.5 mm² or 5 * 1.5 mm² in installation method B1 can 

be loaded at 17.5 A or 15.5 A, respectively (Table 6). It is now subjected to the various standardized load 

profiles such that the highest load current occurring in a given year corresponds to the maximum permissible 

operating current Iz of this cable with the relevant installation method. 

Conductor cross section 1.5 mm²

Cable price 0.98 €/m

Specific resistance 11.40 Ω/km

Installation method B1

2-pole 17.50 A

3-pole 15.50 A

2-pole 7.76 A

3-pole 6.87 A

Upgraded cross section 2.5 mm²

Upgraded cable price 1.31 €/m

Upgraded spec. res. 6.84 Ω/km

Basic data

Maximum 

standard load I z

Selected annual 

peak load I B_max
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Table 7 – Annual losses of cables and lines depending on selected standard load profiles – in the upper half the 

maximum annual load = Iz of the relevant line and installation method of VDE 0298-4; in the lower half the 

mean annual load (for a dwelling – column H0) was selected such that the peak load matches the geometric 

mean from Approach 1. 

THE ANNUAL PEAK FACTOR 
One of the difficulties is that the terms – including the symbols – have already been defined for the so-called 

normal RMS value, which is not meant here. Symbols that are as similar as possible are therefore invented, 

albeit without reassigning existing ones, hoping the reader does not become too confused. 

The maximum current from the standard Iz divided by the average annual current Iz_mean (converted from the 

load profile), gives the so-called annual crest factor FS = Iz/Iz_mean. This factor can be derived from the 

respective tables of the annual load profiles (not shown here because they are too large – a year in quarter-

hour averages makes 35,040 lines)) [4]. 

THE ANNUAL FORM FACTOR 
The method presented above is not sufficient to take the discontinuous character of the current amplitude 

into account, since the heating increases with the square of the current. Exactly like when determining the 

TRMS value of an alternating current [5], the 35,040 current values of the load profile must be squared, the 

squares added together and the root derived from the total. This was also done in the support table that is not 

shown here, and was taken into account in the calculations in Table 7 and Table 11 in the form of the 

correction factor FK, which is also listed there. 

H0: G0: G1: G2: G3: L0: HZ0: 

Household Commercial 

general

Commercial 

workdays

Commercial 

evening only

Commercial 

permanent

Agriculture 

general

Night storage 

heating

0.2686 €/kWh 0.2370 €/kWh 0.2370 €/kWh 0.2370 €/kWh 0.2370 €/kWh 0.2353 €/kWh 0.1900 €/kWh

F S = I z/I z_mean 2.351 2.096 4.249 2.197 1.351 2.106 8.373

Corrective factor F K 1.088 1.124 1.572 1.147 1.018 1.086 2.200

2-pole 7.44 A 8.35 A 4.12 A 7.97 A 12.95 A 8.31 A 2.09 A

3-pole 6.59 A 7.39 A 3.65 A 7.06 A 11.47 A 7.36 A 1.85 A

2-pole 1.375 W/m 1.785 W/m 0.608 W/m 1.659 W/m 3.891 W/m 1.710 W/m 0.219 W/m

3-pole 1.617 W/m 2.100 W/m 0.715 W/m 1.952 W/m 4.578 W/m 2.012 W/m 0.258 W/m

2-pole 12.0 kWh/m/a 15.6 kWh/m/a 5.3 kWh/m/a 14.5 kWh/m/a 34.1 kWh/m/a 15.0 kWh/m/a 1.9 kWh/m/a

3-pole 14.2 kWh/m/a 18.4 kWh/m/a 6.3 kWh/m/a 17.1 kWh/m/a 40.1 kWh/m/a 17.6 kWh/m/a 2.3 kWh/m/a

2-pole 0.825 W/m 1.071 W/m 0.365 W/m 0.995 W/m 2.334 W/m 1.026 W/m 0.131 W/m

3-pole 0.970 W/m 1.260 W/m 0.429 W/m 1.171 W/m 2.747 W/m 1.207 W/m 0.155 W/m

2-pole 7.2 kWh/m/a 9.4 kWh/m/a 3.2 kWh/m/a 8.7 kWh/m/a 20.4 kWh/m/a 9.0 kWh/m/a 1.2 kWh/m/a

3-pole 8.5 kWh/m/a 11.0 kWh/m/a 3.8 kWh/m/a 10.3 kWh/m/a 24.1 kWh/m/a 10.6 kWh/m/a 1.4 kWh/m/a

2-pole 0.255 a 0.222 a 0.653 a 0.239 a 0.102 a 0.234 a 2.262 a

3-pole 0.217 a 0.189 a 0.555 a 0.203 a 0.087 a 0.199 a 1.922 a

2-pole 3.30 A 3.70 A 1.83 A 3.53 A 5.74 A 3.68 A 0.93 A

3-pole 2.92 A 3.28 A 1.62 A 3.13 A 5.08 A 3.26 A 0.82 A

2-pole 0.270 W/m 0.351 W/m 0.119 W/m 0.326 W/m 0.765 W/m 0.336 W/m 0.043 W/m

3-pole 0.318 W/m 0.413 W/m 0.141 W/m 0.384 W/m 0.900 W/m 0.395 W/m 0.051 W/m

2-pole 2.4 kWh/m/a 3.1 kWh/m/a 1.0 kWh/m/a 2.9 kWh/m/a 6.7 kWh/m/a 2.9 kWh/m/a 0.4 kWh/m/a

3-pole 2.8 kWh/m/a 3.6 kWh/m/a 1.2 kWh/m/a 3.4 kWh/m/a 7.9 kWh/m/a 3.5 kWh/m/a 0.4 kWh/m/a

2-pole 0.162 W/m 0.210 W/m 0.072 W/m 0.196 W/m 0.459 W/m 0.202 W/m 0.026 W/m

3-pole 0.191 W/m 0.248 W/m 0.084 W/m 0.230 W/m 0.540 W/m 0.237 W/m 0.030 W/m

2-pole 1.4 kWh/m/a 1.8 kWh/m/a 0.6 kWh/m/a 1.7 kWh/m/a 4.0 kWh/m/a 1.8 kWh/m/a 0.2 kWh/m/a

3-pole 1.7 kWh/m/a 2.2 kWh/m/a 0.7 kWh/m/a 2.0 kWh/m/a 4.7 kWh/m/a 2.1 kWh/m/a 0.3 kWh/m/a

2-pole 1.297 a 1.132 a 3.325 a 1.218 a 0.519 a 1.191 a 11.509 a

3-pole 1.102 a 0.962 a 2.825 a 1.035 a 0.441 a 1.012 a 9.781 a
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For a base load profile that is constant throughout the year, this method would not make any difference. The 

calculation process would be superfluous (FK = 1), just as for the TRMS value of a smooth direct current. 

However, the less evenly the current amplitude spreads across the year, the higher the actual heat dissipation 

will rise above the value that would be produced with a constant current corresponding to the arithmetic 

annual average Iz_mean. 

ANOMALIES, BOUNDARY CONDITIONS, ASSESSMENT 
Several minor influencing factors were not taken into account, since even the major ones are coined by 

simplifications and assumptions. 

 The cold resistances of VDE 0295 were taken into account, even though the cables heat up when 

carrying a current. Since the average annual temperature is significantly below the maximum 

permissible temperature, which only occurs during peak load, the inaccuracy is small. 

 As previously with the washing machine, the fact that the heating of the upgraded  cable remains 

slightly lower that of the replace cable, was ignored. The corresponding error is extremely small. 

 It may seem rather surprising at first glance that the annual form factor FK is particularly large in the 

case of night storage heating. However, this load only exhibits high power consumption for very short 

periods of time: 

o In winter only at night 

o In summer not at all 

o In the transitional period at full power for just part of the night 

Night storage heating therefore represents an extremely discontinuous load. The mean power is less than 1/8 

of the peak value. However, this is also due to the existence of this standardized profile, which only 

encompasses a single type of load. All other profiles, whether household, industry or agriculture, contain a mix 

of appliances that serve different purposes. If there would be a standard load profile electric cooker, for 

instance, its annual form factor would be even higher. 

RESULTS 

Now let us assume that a final circuit is loaded in accordance with the load profile of its system. The highest 

occurring current is equal to the maximum permissible current IZ. For a cable of 3 * 1.5 mm² cross-section in 

installation method B1 with normal load profiles for homes, industry and agriculture, this produces lost 

energies of around 12 kWh /meter/year. The results are similar for a five-conductor cable with three loaded 

wires (Table 7, upper section “Permissible load”). While it is true that they have energy losses in three instead 

of just two wires, the losses per wire are also lower (in accordance with their lower current carrying capacity). 

If the cross-section is increased by just one standard step to 2.5 mm², the energy losses drop to values of 

around 7 kWh/(m*a). The additional cost of the cable will pay back in approximately four months. 

For the reasons given, night storage heating represents an exception. Here, the payback periods are around 2 

years. Nonetheless, upgrading the supply line would be of limited use, since the electrical energy is used to 

generate heat anyway. Shifting the heat release from night to day hardly justifies any financial investment. As 

an aside: the differences between night tariffs used for electric storage heating and normal household tariffs 

are no longer as great as they once were, if they still exist at all. With the increasing share of renewable energy 

in the electricity generation mix, it is no longer true that power stations are fully utilized at peak load times in 

the morning or in the early evening while being underutilized at night. Solar energy is obviously not available 

at night, while wind energy is always dependent upon the weather. In other words, upon chance. This reduces 

the lump-sum diurnal spreading of the value of electrical energy as well as the prices to be paid for it in the 

direction of stochastic parameters. 
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A more eccentric load profile is that of an industry that only operates on working days — and then only during 

business hours (G1). Because of the relatively short period the cable is loaded, the same applies, to some 

extent, as for night storage heating. The payback periods for G1 are just 1/3 of those for HZ0, but around 3 

times as long as for the other profiles. 

Similar observations can be made for the other industrial and agricultural profiles. 

Using the Excel table it becomes clear that even an upgrade from 1.5 mm² to 16 mm² is worthwhile. Even then, 

the payback periods are only around 1.5 years. For profile G1, the payback time is 4 years and for profile HZ0 it 

lies around 13 years. In profile G3, which approximates base load, the upgrade pays back in just 0.6 years. 

However, as mentioned before, we assumed that the standard load profile equally applies to each final circuit 

in the system and that the maximum permissible current is reached at least once a year. This is hardly ever the 

case; simply because cables and lines are only available with specific standard cross-sections. If a section 

doesn’t suffice, the next standard cross-section in the list must be selected. Furthermore, reserve and safety 

factors are always built in. If the cable is only utilized up to half of its current carrying capacity, the heating 

drops to a quarter, and the payback period rises fourfold, e.g. from six months to two years. But then, what is 

two years in the life of a cable? Cables generally last as long as the entire building. One number bigger will 

always pay off. 
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AN ATTEMPT TO DEVELOP A METHOD 
The approach of the geometric average between two theoretical extreme scenarios and that of the transfer of 

standardized load profiles to final circuits both point into the same direction. They give a sense of how far a 

design intended to operate at highest permissible temperature can be away from the lowest life cycle cost. 

The only problem is that they are not sufficiently accurate to create a methodology for determining this 

optimum. A synthesis of both methods can lead us further. 

EXAMPLE 1: THE RESIDENTIAL BUILDING 

For customers in the range below 100 MWh/a, the standardized load profiles are used for grid planning and to 

determine tariffs. We will transfer them to the final circuits, as described in Approach 2. Deciding on a 

particular load profile determines by which annual peak factor FS the mean current Iz_mean is below the 

maximum permissible current Iz. The correction factor FK balances out the effect an uneven current making 

the heat increasing over-proportionally. It is listed in the fourth row of the table for information, but has 

already been taken into account while calculating the figures in the table. 

THE SINGLE FAMILY HOME 
Approach 1 now provides another factor by which the actual mean annual operating current IB_mean of the 

system falls below the maximum permissible annual average of the operating current Iz_mean. Let us call this “ 

load factor FL (it does not actually appear in the tables, but is implied in the calculations). According to 

Approach 1 (Table 3 or Table 4, respectively), this factor corresponds to the relevant geometric average 

between the smallest possible and the greatest possible current. In other words, this is the root from the 

quotient of the least uniform load distribution that is possible by the most uniform load distribution across the 

year and across the circuits. This arbitrary determination of the load factor FL follows the assumption that the 

effective thermal load of the final circuits is equal to that of a constant load current IB_mean with the current: 

L

meanz

meanB
F

I
I

_

_  . 

In the first example (Table 3) the factor FL is very high. This is because the junction box is only fully utilized on 

rare occasions throughout the year: 

247.8
129.0

6.17

min

max 
A

A

I

I
FL  

This results in small annual peak currents IB_max = 1.50 A or IB_max = 1.33 A for two or three loaded conductors, 

respectively (Table 6). For the annual mean IB_mean of profile H0, dividing by the annual peak factor FP of 

profile H0 gives the respective values 0.64 A or 0.56 A. In the lower section of Table 7 (“Selected load”), a 

payback calculation to upgrade the conductor cross-section from 1.5 mm² to 2.5 mm² is performed again. We 

see that the payback periods — now for only one standard size up — rise to values of 30 or 25 years, 

respectively. The calculation for the domestic washing machine from Table 1 and Table 2 resulted in a pay-

back period of 20 years. Nonetheless, 142 kWh/a was drawn at this socket, or 4.6% of the total consumption 

of the property — and this on an extremely concentrated basis. Therefore we can conclude that the result is 

plausible and confirms the usability of the method currently proposed. In this particular case, however, the 

result also means that there is hardly any potential energy saving to be made in the final circuits of private 

homes. 
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THE MULTI-FAMILY HOME 
At least this is what things look like inside an apartment, independent of whether this apartment is located in a 

single-family building or in a condominium. Let us now have a look at the riser supplying a single home, a few 

homes, or a multitude of homes. “Simultaneous” becomes an ambiguous concept again in this case, since of 

course not all of the apartments draw their maximum possible/permissible power from the mains at the same 

moment. Grid planning assumes that this will never ever happen, and nothing has gone wrong for so long . 

This means that this procedure is perfectly fine with respect to safety and availability — but how about the 

losses? 

Fortunately a helpful colleague restored the lost data underlying the diagram (Figure 5) from DIN 18015-1 [6] 

for the power ratings [5]. The old restored table including the limit values of the maximum line lengths lmax (for 

the respective voltage drop ∆U) was used as a basis for Table 8 and Table 9. We added the column with the 

line losses WL occurring in the riser to the table, calculated with the respective line lengths lselect. Due to the 

relatively coarsely tiered standard sizes and due to the abrupt leap of the voltage drop from 0.5% to 1%, lmax 

does not rise continuously with the number of flats supplied. Here and there the values also leap back again. 

Regarding the quantification of line losses, this brings about the question which line length to assume. Using a 

relative indicator, e. g. referenced to a line length of 1 m, did not appear reasonable, since a bigger building 

with more apartments tends to have longer risers. Hence, an algorithm was constructed leading to a 

continuous increase of the assumed line length lselect with the number of flats supplied, tolerating that — due 

to the excessive discontinuity — in some cases (red figures) the line lengths exceed their maximum limits. 

Cynics may claim this was common practice anyhow. A different approach, however, would have resulted in 

preposterously short line lengths in the top part of the table, which would have been just as unrealistic. 

So far so good, but the losses still remain unspecified. A creative assumption is required again. We already 

have two calculation models at hand. The same load profile as for the one and only flat in the first line of the 

table was also applied to the respective riser. Two homes were assumed as having 2% the load profile 

according to Approach 2 and 98% the load profile of Approach 1 as for a single dwelling and so on. At the end 

of the table, 100 dwellings were calculated as 99% the load profile according to Approach 2 and 1% the load 

profile of Approach 1 as for one dwelling. After all, the official load profiles already apply to customers from 

100 MWh/a onwards, and this corresponds to only 20 to 40 flats. Obviously, no relevant difference is seen by 

grid planners between this and an infinite number of users. 
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Table 8 — Values for Figure 6, curve with electrical warm water supply. 

 
Figure 5 — Selection of riser cross sections (fusings) in multi-family residential buildings according to DIN 18015-

1 [7]. 

Though we must be careful given all the assumptions and simplifications that were made, the following results 

stand out: 

 An individual dwelling (a single-family home) causes losses worth around 40 cents annually. 

 100 homes cause losses that are 20 times the losses of an individual dwelling, worth about EUR 8 in 

total, i.e. 8 cents per dwelling. 

A dwelling with an electrical hot water boiler for the bathroom exhibits lower losses (see the plot in Figure 6) 

than a dwelling without (Figure 7). 

Dwellings with electrical warm water supply for bath and shower purposes 

(instantaneous electric water heater)

No. S I Loal I n A Cu ΔU l max l select W L

1 34 kVA 49.1 A 63 A 10 mm² 0.5% 13.5 m 14.9 m 1.51 kWh/a

2 52 kVA 75.1 A 80 A 16 mm² 0.5% 14.0 m 16.3 m 2.04 kWh/a

3 64 kVA 92.4 A 100 A 25 mm² 5.0% 17.5 m 17.6 m 2.10 kWh/a

4 73 kVA 105.4 A 125 A 35 mm² 0.5% 21.5 m 19.0 m 2.12 kWh/a

5 81 kVA 116.9 A 125 A 35 mm² 0.5% 19.5 m 20.4 m 2.80 kWh/a

6 87 kVA 125.6 A 125 A 35 mm² 0.5% 18.0 m 21.8 m 3.54 kWh/a

7 93 kVA 134.2 A 160 A 70 mm² 0.5% 34.0 m 23.1 m 2.16 kWh/a

8 98 kVA 141.5 A 160 A 70 mm² 0.5% 32.0 m 24.5 m 2.58 kWh/a

9 103 kVA 148.7 A 160 A 70 mm² 1.0% 61.0 m 25.9 m 3.02 kWh/a

10 107 kVA 154.4 A 160 A 70 mm² 1.0% 58.5 m 27.3 m 3.48 kWh/a

11 110 kVA 158.8 A 160 A 70 mm² 1.0% 57.0 m 28.7 m 3.96 kWh/a

12 113 kVA 163.1 A 200 A 95 mm² 1.0% 75.5 m 30.0 m 3.29 kWh/a

13 116 kVA 167.4 A 200 A 95 mm² 1.0% 73.5 m 31.4 m 3.66 kWh/a

14 119 kVA 171.8 A 200 A 95 mm² 1.0% 71.5 m 32.8 m 4.05 kWh/a

15 122 kVA 176.1 A 200 A 95 mm² 1.0% 70.0 m 34.2 m 4.45 kWh/a

16 125 kVA 180.4 A 200 A 95 mm² 1.0% 68.0 m 35.5 m 4.85 kWh/a

17 128 kVA 184.8 A 200 A 95 mm² 1.0% 66.5 m 36.9 m 5.27 kWh/a

18 130 kVA 187.6 A 200 A 95 mm² 1.0% 65.5 m 38.3 m 5.68 kWh/a

19 132 kVA 190.5 A 200 A 95 mm² 1.0% 64.5 m 39.7 m 6.11 kWh/a

20 134 kVA 193.4 A 200 A 95 mm² 1.0% 63.5 m 41.1 m 6.53 kWh/a

22 138 kVA 199.2 A 200 A 95 mm² 1.0% 61.5 m 43.8 m 7.39 kWh/a

24 142 kVA 205.0 A 250 A 120 mm² 1.0% 75.5 m 46.6 m 6.52 kWh/a

26 146 kVA 210.7 A 250 A 120 mm² 1.0% 73.5 m 49.3 m 7.19 kWh/a

28 150 kVA 216.5 A 250 A 120 mm² 1.0% 72.0 m 52.1 m 7.84 kWh/a

30 153 kVA 220.8 A 250 A 120 mm² 1.0% 70.5 m 54.8 m 8.47 kWh/a

32 156 kVA 225.2 A 250 A 120 mm² 1.0% 69.0 m 57.6 m 9.06 kWh/a

34 159 kVA 229.5 A 250 A 120 mm² 1.0% 67.5 m 60.3 m 9.61 kWh/a

36 161 kVA 232.4 A 250 A 120 mm² 1.0% 67.0 m 63.1 m 10.12 kWh/a

38 163 kVA 235.3 A 250 A 120 mm² 1.0% 66.0 m 65.9 m 10.58 kWh/a

40 165 kVA 238.2 A 250 A 120 mm² 1.0% 65.0 m 68.6 m 10.97 kWh/a

45 170 kVA 245.4 A 250 A 120 mm² 1.0% 63.0 m 75.5 m 11.62 kWh/a

50 175 kVA 252.6 A

55 179 kVA 258.4 A

60 183 kVA 264.1 A

65 186 kVA 268.5 A

70 189 kVA 272.8 A

80 195 kVA 281.5 A

90 200 kVA 288.7 A

100 205 kVA 295.9 A

In this area several risers need to be installed in 

parallel
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Table 9 — Values for Figure 6, curve without an electrical hot water boiler. 

This latter observation may be confusing at first sight, since an electrical hot water boiler, where installed, will 

let a lot more energy rise up the riser. The calculation is based on a practical example (4,796 kWh/a instead of 

2,903 kWh/a at a long-term average over 20 years) with an additional consumption of 65%, which means a 

plus of about 
2
/3 on top of the electricity bill of the home without an electrical hot water boiler. This is the case 

because the hot water boiler heats the water as quickly as it flows, which requires installed capacities between 

18 kW and 27 kW. While such a high power is needed for just a few minutes per day, the requirements for 

larger conductor cross sections are the same as it would be for permanent load. Over the rest of the day, this 

larger cross section then reduces the losses. 

Dwellings without electrical warm water supply for bath and shower purposes 

(instantaneous electric water heater)

No. S I Loal I n A Cu ΔU l max l select W L

1 15 kVA 20.9 A 63 A 10 mm² 0.5% 31.0 m 11.5 m 1.18 kWh/a

2 24 kVA 34.6 A 63 A 10 mm² 0.5% 18.5 m 12.0 m 2.44 kWh/a

3 32 kVA 46.2 A 63 A 10 mm² 0.5% 14.0 m 12.5 m 3.78 kWh/a

4 37 kVA 53.4 A 63 A 10 mm² 0.5% 12.0 m 13.0 m 5.20 kWh/a

5 41 kVA 59.2 A 63 A 10 mm² 0.5% 11.0 m 13.6 m 6.69 kWh/a

6 44 kVA 63.5 A 80 A 16 mm² 0.5% 16.5 m 14.1 m 5.16 kWh/a

7 47 kVA 67.8 A 80 A 16 mm² 0.5% 15.5 m 14.6 m 6.18 kWh/a

8 50 kVA 72.2 A 80 A 16 mm² 0.5% 14.5 m 15.1 m 7.25 kWh/a

9 53 kVA 76.5 A 80 A 16 mm² 0.5% 13.5 m 15.6 m 8.35 kWh/a

10 55 kVA 79.4 A 80 A 16 mm² 0.5% 13.0 m 16.1 m 9.50 kWh/a

11 57 kVA 82.3 A 100 A 25 mm² 0.5% 19.5 m 16.6 m 6.83 kWh/a

12 59 kVA 85.2 A 100 A 25 mm² 0.5% 19.0 m 17.1 m 7.61 kWh/a

13 61 kVA 88.0 A 100 A 25 mm² 0.5% 18.5 m 17.6 m 8.41 kWh/a

14 63 kVA 90.9 A 100 A 25 mm² 0.5% 18.0 m 18.1 m 9.23 kWh/a

15 65 kVA 93.8 A 100 A 25 mm² 0.5% 17.0 m 18.7 m 10.07 kWh/a

16 67 kVA 96.7 A 100 A 25 mm² 0.5% 16.5 m 19.2 m 10.92 kWh/a

17 69 kVA 99.6 A 100 A 25 mm² 0.5% 16.0 m 19.7 m 11.80 kWh/a

18 70 kVA 101.0 A 125 A 35 mm² 0.5% 22.5 m 20.2 m 9.06 kWh/a

19 71 kVA 102.5 A 125 A 35 mm² 0.5% 22.0 m 20.7 m 9.71 kWh/a

20 72 kVA 103.9 A 125 A 35 mm² 0.5% 21.5 m 21.2 m 10.36 kWh/a

22 74 kVA 106.8 A 125 A 35 mm² 0.5% 21.0 m 22.2 m 11.70 kWh/a

24 76 kVA 109.7 A 125 A 35 mm² 0.5% 20.5 m 23.2 m 13.07 kWh/a

26 78 kVA 112.6 A 125 A 35 mm² 0.5% 20.0 m 24.3 m 14.47 kWh/a

28 80 kVA 115.5 A 125 A 35 mm² 0.5% 19.5 m 25.3 m 15.88 kWh/a

30 82 kVA 118.4 A 125 A 35 mm² 0.5% 19.0 m 26.3 m 17.30 kWh/a

32 84 kVA 121.2 A 125 A 35 mm² 0.5% 18.5 m 27.3 m 18.73 kWh/a

34 86 kVA 124.1 A 125 A 35 mm² 0.5% 18.0 m 28.3 m 20.16 kWh/a

36 87 kVA 125.6 A 160 A 70 mm² 0.5% 36.0 m 29.4 m 10.79 kWh/a

38 88 kVA 127.0 A 160 A 70 mm² 0.5% 35.5 m 30.4 m 11.49 kWh/a

40 89 kVA 128.5 A 160 A 70 mm² 0.5% 35.0 m 31.4 m 12.19 kWh/a

45 92 kVA 132.8 A 160 A 70 mm² 0.5% 34.0 m 34.0 m 13.86 kWh/a

50 95 kVA 137.1 A 160 A 70 mm² 0.5% 33.0 m 36.5 m 15.41 kWh/a

55 97 kVA 140.0 A 160 A 70 mm² 0.5% 32.5 m 39.1 m 16.78 kWh/a

60 99 kVA 142.9 A 160 A 70 mm² 0.5% 31.5 m 41.6 m 17.93 kWh/a

65 101 kVA 145.8 A 160 A 70 mm² 1.0% 62.0 m 44.2 m 18.81 kWh/a

70 102 kVA 147.2 A 160 A 70 mm² 1.0% 61.5 m 46.7 m 19.37 kWh/a

80 104 kVA 150.1 A 160 A 70 mm² 1.0% 60.5 m 51.8 m 19.34 kWh/a

90 106 kVA 153.0 A 160 A 70 mm² 1.0% 59.0 m 56.9 m 17.45 kWh/a

100 108 kVA 155.9 A 160 A 70 mm² 1.0% 58.0 m 62.0 m 13.31 kWh/a
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Figure 6 — Maximum and selected cable lengths; annual losses with an electrical hot water boiler. 

 
Figure 7 — Maximum and selected cable lengths; annual losses without an electrical hot water boiler. 

As an overall result, it can be stated that the riser may just be left out of this consideration right from the start. 

Even if the mentioned guesswork should result in a major error, this would not change the result. 

Moreover, the estimate is likely to be too high. All risers have been calculated as being loaded with the entire 

current drawn by the building. While in fact, every floor consumes its part of the load, and the last section is 

only loaded with the current of two flats. So one ought to calculate with half the load as a mean or, 

alternatively, with half the real length, neither of which has been done here. 

Despite this inaccuracy, which results in an estimate on the safe side, the energy losses in the riser turned out 

to be negligible. The riser need not be optimized further because it has already been optimized, albeit not for 

energy efficiency but for other compelling reasons. 

EXAMPLE 2: THE OFFICE 

Applying the same procedure to the office from Table 4 turns the table straight away. But first of all there is 

the problem that a standardized load profile for “Office” is missing. Because of this, we had to apply the profile 

G0 “Business General” (top of Table 11, profile G0). The installation method was again B1. Making the 

calculation under these conditions and as if all circuits were loaded with their maximum permissible load Iz at 

peak time, the average currents Iz_mean are already significantly greater: 8.35 A (two conductors) or 7.39 A 

(three conductors), respectively. The average loading of the sub-distribution panel of one floor was 20%, which 

is significantly higher than the barely 1.5% at the junction box of the residential building. This leads to re-

latively high annual peak values for the operating current IB_max (Table 10), namely 7.76 A and 6.87 A 

0 kWh/a

2 kWh/a

4 kWh/a

6 kWh/a

8 kWh/a

10 kWh/a

12 kWh/a

14 kWh/a

16 kWh/a

18 kWh/a

20 kWh/a

0 m

10 m

20 m

30 m

40 m

50 m

60 m

70 m

80 m

0 5 10 15 20 25 30 35 40 45

V
e
rl
u
s
te

n
e
rg

ie
  
→

L
e
it
u
n
g
s
lä

n
g
e
  
→

Anzahl Wohnungen  →

max. zul. Länge

gewählte Länge

Verlustenergie

0 kWh/a

2 kWh/a

4 kWh/a

6 kWh/a

8 kWh/a

10 kWh/a

12 kWh/a

14 kWh/a

16 kWh/a

18 kWh/a

20 kWh/a

0 m

10 m

20 m

30 m

40 m

50 m

60 m

70 m

80 m

0 10 20 30 40 50 60 70 80 90 100

V
e
rl
u
s
te

n
e
rg

ie
  
→

L
e
it
u
n
g
s
lä

n
g
e
  
→

Anzahl Wohnungen  →

max. zul. Länge

gewählte Länge

Verlustenergie



   

 

Publication No Cu0251 

Issue Date:     December 2017  

Page 22 

 

respectively, and for the mean operating currents IB_mean, namely 3.70 A and 3.28 A respectively (bottom of 

Table 11 “Selected load”, profile G0 — the other columns represent invalid values). 

 
Table 10 — Data underlying the calculations according to Table 11. 

This results in payback times of 7 and 6 years respectively. Since the office has been in operation for 33 years 

already, an additional initial investment for upsizing the conductors to 2.5 mm² would have been paid back 6 

times over already. Despite all the uncertainty with this precise but estimate-based calculation, the factor of 6, 

on the other hand, supports the assumption that the additional investment would have been paid off by today. 

Arguments like resource savings and CO2 reduction have to be added to this financial advantage. This result is 

particularly astonishing if you consider that the 1.5 mm² cables installed are fused for 10 A only (the reason 

why will be explained later in this Application Note) and hence a part of the savings potential had already been 

tapped. 

ANOMALIES, CHARACTERISTICS, FURTHER ACTION 

Analogous investigations should now be carried out for the other load profiles. If upgrading the conductor 

cross-section from 1.5 mm² to 2.5 mm² results in an overly short payback period, increase by a further step, et 

cetera. This would enable establishing a method to determine the conductor cross-section with the lowest 

practical lifecycle costs. Regarding the invalid grey values at the bottom of Table 7 and Table 11 respectively, it 

should be noted that these give the values obtained from examples H0 or G0 and transferred to the other load 

profiles. 

Conductor cross section 1.5 mm²

Cable price 0.98 €/m

Specific resistance 11.40 Ω/km

Installation method B1

2-pole 17.50 A

3-pole 15.50 A

2-pole 7.76 A

3-pole 6.87 A

Upgraded cross section 2.5 mm²

Upgraded cable price 1.31 €/m

Upgraded spec. res. 6.84 Ω/km

Basic data

Maximum 

standard load I z

Selected annual 

peak load I B_max
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Table 11 — Annual losses of cables and lines depending on selected standard load profiles — in the upper half 

the maximum annual load = Iz of the relevant line and installation method to VDE 0298-4; in the lower half the 

mean annual load (for an office flat — column G0) was selected such that the peak load matches the geometric 

mean from Approach 1. 

SPECIAL CONTRACT CUSTOMERS 

Special rates negotiated on a case-by-case basis apply to customers in the range from 100 MWh/a. The power 

drawn is generally recorded in the form of quarter-hour averages and used to calculate the amounts to be paid 

for power and energy (active energy/reactive energy). The advantage is that this produces a genuine load 

profile measured on this specific consumer. 

The disadvantage is that this is of no use to us, since transferring the profile from the overall operation to 

these individual final circuits does not offer a solution. Industrial companies of varying types differ 

fundamentally to a degree that such a generalization would be meaningless. Moreover, it is highly likely that 

there is also a wide variety of cable loads within the company itself. Some might be operated close to the 

maximum permissible load almost the entire year, while the supply line to the yard gate might just be loaded 

with a current of 1 A for 10 minutes every day. Lumping all this together by means of a so-called watering can 

factor does not lead anywhere. An assessment must be found for each individual cable. We must now look at 

how the expenditure that is required for this can be kept within reasonable limits. 

  

H0: G0: G1: G2: G3: L0: HZ0: 

Household Commercial 

general

Commercial 

workdays

Commercial 

evening only

Commercial 

permanent

Agriculture 

general

Night storage 

heating

0.2686 €/kWh 0.2370 €/kWh 0.2370 €/kWh 0.2370 €/kWh 0.2370 €/kWh 0.2353 €/kWh 0.1900 €/kWh

F P = I z/I z_mean 2.351 2.096 4.249 2.197 1.351 2.106 8.373

Form factor F F 1.088 1.124 1.572 1.147 1.018 1.086 2.200

2-pole 7.44 A 8.35 A 4.12 A 7.97 A 12.95 A 8.31 A 2.09 A

3-pole 6.59 A 7.39 A 3.65 A 7.06 A 11.47 A 7.36 A 1.85 A

2-pole 1.375 W/m 1.785 W/m 0.608 W/m 1.659 W/m 3.891 W/m 1.710 W/m 0.219 W/m

3-pole 1.617 W/m 2.100 W/m 0.715 W/m 1.952 W/m 4.578 W/m 2.012 W/m 0.258 W/m

2-pole 12.0 kWh/m/a 15.6 kWh/m/a 5.3 kWh/m/a 14.5 kWh/m/a 34.1 kWh/m/a 15.0 kWh/m/a 1.9 kWh/m/a

3-pole 14.2 kWh/m/a 18.4 kWh/m/a 6.3 kWh/m/a 17.1 kWh/m/a 40.1 kWh/m/a 17.6 kWh/m/a 2.3 kWh/m/a

2-pole 0.825 W/m 1.071 W/m 0.365 W/m 0.995 W/m 2.334 W/m 1.026 W/m 0.131 W/m

3-pole 0.970 W/m 1.260 W/m 0.429 W/m 1.171 W/m 2.747 W/m 1.207 W/m 0.155 W/m

2-pole 7.2 kWh/m/a 9.4 kWh/m/a 3.2 kWh/m/a 8.7 kWh/m/a 20.4 kWh/m/a 9.0 kWh/m/a 1.2 kWh/m/a

3-pole 8.5 kWh/m/a 11.0 kWh/m/a 3.8 kWh/m/a 10.3 kWh/m/a 24.1 kWh/m/a 10.6 kWh/m/a 1.4 kWh/m/a

2-pole 0.255 a 0.222 a 0.653 a 0.239 a 0.102 a 0.234 a 2.262 a

3-pole 0.217 a 0.189 a 0.555 a 0.203 a 0.087 a 0.199 a 1.922 a

2-pole 3.30 A 3.70 A 1.83 A 3.53 A 5.74 A 3.68 A 0.93 A

3-pole 2.92 A 3.28 A 1.62 A 3.13 A 5.08 A 3.26 A 0.82 A

2-pole 0.270 W/m 0.351 W/m 0.119 W/m 0.326 W/m 0.765 W/m 0.336 W/m 0.043 W/m

3-pole 0.318 W/m 0.413 W/m 0.141 W/m 0.384 W/m 0.900 W/m 0.395 W/m 0.051 W/m

2-pole 2.4 kWh/m/a 3.1 kWh/m/a 1.0 kWh/m/a 2.9 kWh/m/a 6.7 kWh/m/a 2.9 kWh/m/a 0.4 kWh/m/a

3-pole 2.8 kWh/m/a 3.6 kWh/m/a 1.2 kWh/m/a 3.4 kWh/m/a 7.9 kWh/m/a 3.5 kWh/m/a 0.4 kWh/m/a

2-pole 0.162 W/m 0.210 W/m 0.072 W/m 0.196 W/m 0.459 W/m 0.202 W/m 0.026 W/m

3-pole 0.191 W/m 0.248 W/m 0.084 W/m 0.230 W/m 0.540 W/m 0.237 W/m 0.030 W/m

2-pole 1.4 kWh/m/a 1.8 kWh/m/a 0.6 kWh/m/a 1.7 kWh/m/a 4.0 kWh/m/a 1.8 kWh/m/a 0.2 kWh/m/a

3-pole 1.7 kWh/m/a 2.2 kWh/m/a 0.7 kWh/m/a 2.0 kWh/m/a 4.7 kWh/m/a 2.1 kWh/m/a 0.3 kWh/m/a

2-pole 1.297 a 1.132 a 3.325 a 1.218 a 0.519 a 1.191 a 11.509 a

3-pole 1.102 a 0.962 a 2.825 a 1.035 a 0.441 a 1.012 a 9.781 a
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PROPOSAL FOR A METHOD — SUMMARY 
We grouped the above analyses into specific recommendations for action. It is urgently recommended to 

include the following steps when dimensioning the conductor cross-sections for minimum life cycle cost. This is 

regardless of whether these procedures will ever be defined in energy efficiency standards in a similar way. 

TARIFF CUSTOMERS 

Electricity customers for whom standardized load profiles are available, proceed as follows: 

1. The mean absorbed power is determined by dividing the energy consumption [kWh] of the 

previous year by 8,760 h. For new installations, an estimated value, a typical value, or a comparative 

value from a similar installation, can be used. Reactive power is not taken into consideration. 

2. The resulting mean power is divided equally across the whole year and across all existing/planned 

final circuits. Division by the mains voltage and by the number of final circuits yields the minimum 

current Imin for each final circuit. If final circuits with different current carrying capabilities are 

present, the total current is to be split up in such a way that all final circuits are evenly loaded in 

proportion to their maximum permissible current IZ (e.g. all at 20%). Hence, final circuits with 

different magnitudes of IZ will also have Imin magnitudes diverging by the same factor. 

3. It is assumed that the current distribution over time in every final circuit will be identical to that of 

the entire installation according to the respective official load profile of the respective plant. Hence, 

the maximum permissible current magnitude IZ will need to be reduced down to IZ_mean by the peak 

factor FP, so that the maximum current IZ is actually reached some time or another during the year 

but never exceeded: 

P

Z
meanZ

F

I
I _ . 

The values of FP can be taken from Table 12. 

 
Table 12 — Peak factors and form factors for official load profiles. 

 

4. Now this maximum permissible annual mean current IZ_mean is multiplied by the minimum continuous 

current Imin obtained from step 2 and the root drawn from the product. The obtained value is re-

garded as the equivalent mean operating continuous current Icalc for calculating the annual losses of 

all equivalent circuits in the system, i.e. those of equal cross sections and installation methods, but 

different lengths: 

min_ III meanZcalc  . 

5. For this current Icalc, the length-based values of the ohmic loss are determined. The result values still 

need to be multiplied by the peak factor FP (also given in Table 12) depending on the selected 

standard load profile and representing the fact that the discontinuity of the current produces more 

heat than would be the case with the mean value (like TRMS vs AV when considering current 

waveforms). The annual energy loss and corresponding cost per length can be calculated from the 

power loss. The respective line resistance per length to be used for calculating the ohmic losses is the 

maximum permissible (cold) value according to IEC 60228. If no electricity prices are available, the 

values from Table 7 or Table 9, respectively, can be used. 

Load profile H0 G0 G1 G2 G3 G4 G5 G6 L0 L1 L2 HZ0

Peak factor F P = I Z/I z_mean 2.351 2.096 4.249 2.197 1.351 2.010 2.230 2.623 2.106 2.674 1.873 8.373

Form factor F F 1.088 1.124 1.572 1.147 1.018 1.120 1.152 1.141 1.086 1.145 1.069 2.200
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6. The conductor cross-section is now to be increased by one standard size and the calculation specified 

in point 5 is repeated. 

7. The payback period is determined by dividing the difference in loss costs (between point 5 and point 

6) by the difference in cable prices (between point 5 and point 6). Like the length related values in 

point 5, the cable prices are also related to the length. In this way, the result of the calculation is 

length independent. If no cable prices are available, twice the copper price (market price at the time 

of the calculation) can be used as an approximation. 

8. If the payback period is shorter than the planned life cycle of the installation, the conductor cross-

section is to be increased by another standard size and the calculation specified in point 5 must be 

repeated. 

9. This procedure should be repeated until the payback period is longer than the planned life cycle of 

the installation. The conductor cross-section from the previous iterative step then matches the 

optimized conductor cross-section. 

The load profiles no longer need to be taken into account for this procedure; they were merely used to derive 

the method and the values for the factors FF and FP given in Table 12. 

While the result represents a mere hypothesis in so far as it was simply calculated with an assumed fictive load 

current Icalc, a number of safety factors have been employed: 

 For the length-related resistivities of the cables, the cold values were used, although a loaded 

conductor is warm. 

 The operating current is calculated from active power only, while the reactive current remained 

unconsidered. 

 The inclusion of load profiles (Approach 2) is as such already a safety factor in its own right. One could 

have stuck to the first approach right from the start, assuming that: 

minIII Zcalc  . 

This also would have yielded plausible results. 

SPECIAL CONTRACT CUSTOMERS 

As stated, the above approach is unsuited to industrial customers. A large number of tests using the 

mathematical model presented here give as reference points the values from Table 13. These values were 

conservatively calculated. Installation method A2 allows the smallest loads and installation method C the 

largest. These benchmark figures were therefore included here. All other values are in between. 

It will generally suffice to estimate the load profile of a specific consumer or part of an installation and then, if 

necessary, over-dimension the cable in accordance with Table 13. If a more accurate figure is required, Table 

13 can be used to estimate whether a more precise calculation is worthwhile. 

 
Table 13 — The upgrading of the conductor cross-section that is beneficial, given a copper base of EUR 4.10/kg, 

an operating life of 10 years, and cable prices from various price lists. 

Upsizing cable cross sections

by this number of standard sizes pays off

25% rated load 50% rated load 75% rated load 100% rated load

A2 C A2 C A2 C A2 C

100 h/a 0 0 0 0 0 0 0 0

365 h/a 0 0 0 0 0 0 0 1

1000 h/a 0 0 0 1 1 1 1 2

2000 h/a 0 0 1 2 2 2 2 3

3650 h/a 0 1 1 2 2 3 3 3

8760 h/a 1 1 2 3 3 3 3 4O
p

e
ra

ti
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g
 t

im
e

Installation 

method
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This assumes a conductor cross section of 4 mm² is required for thermal reasons, when applying the respective 

installation method. Under these assumptions, the table looks somewhat unobtrusive, but the following 

remains to be considered: 

 Within this range of the standardized conductor cross sections, an upgrade by 4 degrees already re-

presents 6 times the cross section. 

 Towards larger conductor cross sections, the tiers become less coarse; expressed in standard sizes, 

the lifetime optimization would comprise an upgrade by even more sizes. 

At any rate, the larger the cable cross sections considered, the more a single-case calculation becomes 

worthwhile. The generic approach presented here is more adequate for smaller cross sections. 
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SEVERAL ASSISTANTS ARE UNDERWAY 
A few design criteria that are created by standards for entirely different reasons have an improved energy 

efficiency as a side effect. 

ASSISTANT 1: REACTIVE POWER COMPENSATION 

An argument that is sometimes put forward against the over-dimensioning of conductor cross-sections is that 

you should first try to reduce the conductor's load through appropriate reactive power compensation, as this 

could lead to equally high or even higher savings. Is this correct? When is this argument right and when is it 

not? Or should you do both? The calculations given in Table 13 could help with this decision. 

 
Table 14 — What pays back sooner; over-dimensioning of conductor cross-sections or reactive current com-

pensation? 

BOUNDARY CONDITIONS, RESTRICTIONS AND SIMPLIFICATIONS 
Three example loads were chosen that are commonly known to be of an ohmic-inductive nature. One small, 

one a medium-sized, and one large three-phase asynchronous induction motor. The design values of the 

motors were chosen such that their normal operating currents utilized the cables as fully as possible. The first 

case used the thinnest cable (A = 1.5 mm²), the third case the second-thickest cable (A =500mm² –) i.e. leaving 

What saves you more – cable upsize or reactive power compensation? Was bringt mehr – Leiter-Überdimensionierung oder Blindstrom-Kompensation?

Example loads:         → Small motor Medium-sized motor Big motor Beispiellasten:         →

U N 400 V

P N 7.5 kW 75 kW 500 kW

cosφ 0.87 0.89 0.90

η IE3 90.1% 94.7% 95.8%

I N uncomp. 13.81 A 128.4 A 837.03 A

I tot comp. 12.01 A 114.3 A 753.33 A

S 9.6 kVA 89.0 kVA 579.9 kVA

Q 4.7 kvar 40.6 kvar 252.8 kvar

minimum upsized minimum upsized minimum upsized

A 1.5 mm² 2.5 mm² 35 mm² 50 mm² 500 mm² 630 mm²

cosφ 1.00 1.00 0.98 0.96 0.42 0.35

l 86.9 m 163 m 147 m

uncomp. 6.00% 3.60% 6.00% 4.42% 6.00% 5.55%

comp. 5.41% 3.24% 5.21% 3.65% 2.43% 1.99%

uncomp. 1257 mΩ 720 mΩ 102.3 mΩ 70.6 mΩ 6.42 mΩ 4.64 mΩ

comp. 1230 mΩ 710 mΩ 100.1 mΩ 69.6 mΩ 6.28 mΩ 4.57 mΩ

uncomp. 240 W 137 W 1687 W 1165 W 4495 W 3249 W

comp. 178 W 102 W 1308 W 910 W 3564 W 2596 W

t op 10,000 h

cable 85 € 113 € 2,640 € 3,947 € 15,055 € 18,014 €

electricity 0.11 €/kWh

uncomp. 2,637 € 1,510 € 18,556 € 12,810 € 49,447 € 35,738 €

comp. 1,954 € 1,127 € 14,386 € 10,009 € 39,202 € 28,553 €

compens. 683 € 4,170 € 10,245 €

upsize 1,099 € 4,439 € 10,750 €

both 1,482 € 7,240 € 17,934 €
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a margin for upgrading to the thickest available cable with A = 630 mm²), for which the required data could be 

found in the manufacturers' technical data sheets. The second case was in the (geometric) middle (A =35 mm² 

according to standard, upgraded to 50 mm²). Besides the prices, the required data also included the 

inductances per unit length of each cable. 

The operating temperature of the cable is assumed to be 70 °C at full load. The effect of reducing the load 

through over-dimensioning or (complete) reactive current compensation (to cos φ = 1) is assumed to be linear 

to the change of temperature. The resistance R of the cable therefore decreases linearly with the load relief, 

leading to a slight reduction in losses and therefore to a minor improvement in the energy saving effect. 

The cable prices given in Table 13 relate to the lengths specified in each case — without taking into account 

any bulk discounts on account of the different lengths in the individual examples. 

A further inaccuracy arises because the inductances per length of the minimum cable with a 500 mm² 

conductor cross-section required for the large motor and the upgraded cross-section of 630 mm² were 

calculated as three-core cables, whereas the prices of 3 single conductors were used, since multicore cables of 

such dimensions do not exist. It is also somewhat confusing that the only supplier who specifies inductances 

per length for its cables also provides this data for single conductors, even though the inductance is a system 

variable and cannot be assigned to an individual conductor. Rather, the inductance of a conductor loop 

depends on the spacing between the outward and return paths. The strategy that was followed here to 

minimize the error was to calculate the inductance values by means of a theoretical formula, assuming the 

single-core cables were installed in touch with each other. The results roughly match the data given by the 

cable supplier. 

METHOD 

 
Figure 8 — 500 kW motor without compensation on the adequate 500 mm² line. 

Because a specific three-phase asynchronous motor always displays a specific reactive power requirement Q 

at the nominal operating point, the design of a corresponding compensation system is fixed from the outset. 

However, this is not the case for the cable length l. Thus a decision was made to choose a cable length in each 

case that kept the voltage drop ΔU of the uncompensated motor below 24 V (6% of the nominal voltage UN = 

400 V). This produced the line losses PV shown in each case (Figure 8). 

Where no motor current rating IN could be found, it was calculated from the rated power PN, the power factor 

cos φ and the efficiency η. This data is always specified in the manufacturers' brochures. Table 13 is therefore 

split into a “Motor section” and a “C able section”, each of which were further divided into a section with 

found data and a section with values calculated from these data. The compensation system was designed for a 

power factor λ = 1, and the grid was idealized to be free from harmonics. 

Cable Load

←   U = 400 V   →
27.31035836

←   φ = 27.3103583563801°   →

←   cosφ = 0.888534300062136   →

0.019 Ω 0.413 Ω 0.200 Ω

X Cable R Load X Load

0.011 Ω

9.57 V

R Cable

16.02 V 345.84 V 167.50 V
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RESULTS 
The results can be found at the bottom of Table 13, based on an electricity price of EUR 0.11/kWh and 10,000 

full-load operating hours. It should be noted that the surcharge for the upgraded cross-section was already 

deducted from the saving, but not the set-up costs for the compensation system, since these systems cannot 

be supplied off the shelf at standard prices. The table (e.g. for the small motor) thus reads as follows. 

A compensation system with Q = 4.7 kvar is required to reduce the loss costs per 10,000 h full-load operation 

by EUR 413. The payback period can easily be determined from this data, if e.g. an offer exists. Increasing the 

cable cross-section by one standard size saves almost twice as much (EUR 751 per 10,000 h) as reactive power 

compensation. 

It is best to combine the two — even though the overall saving will then be slightly less than the sum of the 

two measures calculated individually. You might expect a saving of EUR 1, 164/10,000 h for the small motor, 

but in fact it is “only” EUR 1043/10,000 h. It is a general observation that the first improvement always has the 

greatest effect for the least cost. Each subsequent step will normally cost more and have less effect than the 

preceding one. This becomes very clear in the present case. Due to the preceding setting up of the 

compensation system, the current had already been reduced and the difference in losses with the minimum 

cross-section against the cross-section upgraded by one size is correspondingly smaller. Looked at it another 

way: if an over-dimensioned cross-section is already in use, the losses are already lower, and using 

compensation naturally does not bring about as big a reduction as if compensation were the first measure 

taken. 

With the medium and large motors, the upgrade still saves more than compensation, but not as much as with 

the small motor. With small motors, the increase in the cross-section produces a massive saving, and at EUR 29 

the surcharge is minimal compared with the saving of EUR 1,099 within 10,000 h — with the surcharge already 

deducted — which yields a payback period of just 261 h. With the medium and large motors, the differences in 

payback times, 2,945 h or 2,752 h respectively, are smaller. They are, however, still remarkably short (less than 

half a year when in continuous service). 

Compared to this, a reactive power compensation system of respectively 

 4.7 kvar (costing €18) 

 40.6 kvar (costing €1,228) 

 253 kvar (costing €2,920) 

would be required to achieve the same payback periods as through the upgrading of the cross-sections. While 

the first figure seems absurd, the other two appear to be somewhere close to reality. 

FURTHER OBSERVATIONS 
The larger cable lengths in the second and third cases can explain the above observations. This is due to the 

greater permissible current densities at smaller cross-sections. The outer surface (relevant for cooling) 

increases linearly with the size, i.e. only linearly to the diameter, while the cross-sectional area grows by the 

square of the diameter. 

A further surprising observation is the influence on the voltage drop ΔU of the two loss reduction measures 

discussed here. These values are included in Table 13 for information. However, they were calculated using a 

new method, not according to the formula in IEC 60364-5-52 [8], which is quite obviously not only simplified 

but factually incorrect. In principle, the methods of loss minimization being debated here — compensation and 

increasing the cross-section — both lead to a reduction in the voltage drop. However, the following is rather 

surprising: 
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 In the small motor, the compensation only leads to a marginal reduction in the voltage drop. The 

advantage is disproportionate. Conversely, upgrading the cross-section has a disproportionately 

significant impact. 

 In the large motor, the opposite observation can be made: increasing the cross-section has almost no 

effect on the voltage drop, but reactive power compensation is surprisingly efficient. 

 The medium motor lies somewhere in between. 

How can this be explained? It is related to the phase angle between the voltage drop UC of the cable and the 

voltage drop UM of the motor. It should be noted that the pointer diagram used here for clarification (Figure 9) 

is somewhat unorthodox. The mains voltage UN was not used as a reference for the phase position, as is 

normally done, but rather the ohmic proportion URM of the load voltage (at the motor). As a result, it becomes 

immediately apparent that when the arrow of the overall voltage UN is not vertical, the total load — including 

the supply line — is not of a purely ohmic nature, i.e. is not at all or not completely compensated. An 

inclination to the right means an inductive phase position. 

Cables with a small cross-section have a nearly entirely ohmic nature. The inductive proportion UXC of the 

voltage drop along the cable falls far behind the ohmic share URC. However, the greater the cross-section, the 

smaller URC becomes, while UXC remains at the same order of magnitude. In theory, UXC should become even 

greater, since the average distance between the outward and the return paths of the current increases, but 

this does not appear in the corresponding catalogue data. Viewed as a load (under short circuit conditions, for 

instance) a cable represents an impedance with the following data (Table 14 — Example values): 

A (mm
2
) R’ (Ω/km) X’ at 50 Hz (Ω/km) φ cos φ (inductive) 

1.5 12.1 0.1078 0.51° 0.9996 

35 0.524 0.0779 8.46° 0.9891 

630 0.0283 0.0851 71.61° 0.3154 

Table 15 — Constituents of cable impedances — three example values for small, medium and large conductor 

cross-sections. 

If the phase angles and thus the power factors of both cable and load are the same, the full magnitude of the 

cable impedance contributes to the voltage drop (Figure 9). However, the more they differ, the less the load 

pulls the voltage down. In an extreme case — in other words if a (predominantly) inductive cable feeds a 

capacitive load (a static var-compensator, for instance) — the voltage drop can even become negative, i.e. it 

turns into a voltage increase. As a result, the voltage is higher at the end of the line than at the beginning! 

This means there is almost no improvement in voltage stability through reactive power compensation when 

there is only a slightly inductive load on a practically ohmic cable. While the compensation does reduce the 

current — so it both saves energy losses and reduces the ohmic proportion URC of the voltage drop UC — the 

phase angle of the load due to compensation approximates the phase angle of the cable. UC becomes smaller, 

but has a greater impact on the vector sum of UC and UM. 

The opposite is true for a heavily inductive load on a heavily inductive cable. The compensator only reduces 

the current by 10% (and therefore the line losses by 21%), but the voltage drop is reduced by 60%. Without 

compensation, the voltage vectors of UC and UM point in roughly the same direction, and their amounts 

therefore add up almost perfectly (Figure 9 left). On the compensated motor, the inductive voltage drop UXM 

is missing and the overall voltage drops UC and UM are more or less perpendicular to each other (Figure 9 

right). Increasing UC (i.e. URC and UXC in the same proportion) hardly increases the difference between UM and 

the (fixed) mains voltage UN =400V, but it does increase the attenuation loss in the cable. In high-current 

systems, this can be an additional reason for compensation. 
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It is assumed here that the compensator is placed at the end of the line, near the load. Were it positioned at 

the at the feed-in point, it would not relieve the load on the line and therefore fail in its intended purpose. 

 

 
Figure 9 — Scale pointer diagram of the voltage drops across a large motor (500 kW) and across the connecting 

cable, uncompensated (left), load compensated (middle) and both load and cable compensated (right). 

 

CONCLUSIONS 
A careful study of Table 13 and Figure 9 shows that both over-dimensioning of conductor cross-sections and 

reactive power compensation help to reduce the energy losses. However, neither can be regarded as a 

replacement for the other. Rather, both must be considered independently of each other, and the outcome 

will generally be that both have their reason of existence alongside one another. Neither renders the other 

superfluous. 

It must be remembered that the actual reason why grid operators charge their customers for reactive energy 

lies in the avoidable energy losses that reactive currents cause in this grid. The usual method of setting up a 

large central compensator at the main feed-in point reduces losses in the upstream grid, but not those that 

occur downstream in the consumer installation. The popularity of this practice is down to the fact that the 

external reactive energy drawn from the grid becomes visible on the electricity bill, while the internal reactive 

energy remains hidden. Small decentralized compensators placed close to the individual inductive loads can 

avoid a large part of those hidden losses. Implementing those, but then abusing the current reduction as an 

argument for downsizing the conductor cross-section by one gauge makes the gain disappear. As they say, 

easy come, easy go. This practice is therefore not recommended. 
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With large loads, compensation as well as loss reduction can have highly beneficial effects on the voltage drop. 

Under certain conditions, the voltage drop can be reduced by more than half! 

Thick conductors are highly inductive. If the connected load is also inductive, it is worth considering 

compensating the reactive power. 

This can be done by installing a second compensator at the beginning of the line. It can also be achieved by 

over-compensation at the end of the line. In other words, to dimension the compensation at the end of the 

line so that it compensates for both the load and the cable. 

 The advantage of the latter is that it completely eliminates the inductive voltage loss of the line 

(calculated to be 28.4 V). Only the ohmic resistance on the line remains, resulting in a voltage loss of 

9.4 V, while 389.6 V would reach the consumer (Figure 10). 

 The power factor at the end of the line would be slightly capacitive, while at the beginning of the line 

it would be entirely ohmic (Figure 9). The current in the line would therefore be very slightly higher 

compared to a situation in which only the load is compensated, or in which the cable is compensated 

separately at the beginning of the line. 

 This minor disadvantage can be more than offset by choosing a larger conductor cross-section. A 

minor increase in the cross-section is not possible, as the next standard size must be chosen. 

Consequently, you will reduce the energy losses even further than by simply compensating for the 

additional losses due to the phase angle of the current. It is reasonably certain that this would be a 

more cost-effective solution than splitting the reactive power compensation between a small system 

at the beginning of the line and a larger one for the load at the end of the line. 

 

 
Figure 10 — 500 kW motor on the same line — overcompensated so that the inductive voltage drop of the line 

is compensated along with the load. 

This demonstrates how upgrading conductor cross-sections and reactive current compensation work hand in 

hand. 

In the scheme (Figure 10), the compensation capacity is installed in series, while it is normally connected in 

parallel to the load. This is irrelevant: any interconnection of resistors — including complex ones — can be 

shown both as parallel wirings or as an equivalent series, i.e. as a two-terminal element with the same 

properties. Since the capacity is physically in series with the inductivity of the line, the chosen form of 

representation is not so far-fetched. 

 

Cable Load

-0.026 Ω

-19.500 V

←   U = 400 V   →
0

←   φ = 0°   →
0

←   cosφ = 1   →

0.012 Ω 0.026 Ω 0.519 Ω

R Cable X Cable R Load X Load

9.285 V 19.500 V 390.715 V
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ASSISTANT 2: THE VOLTAGE DROP 

The representations above show that the voltage drop is a very welcome assistant for upgrading conductor 

cross-sections and achieving the corresponding energy savings. The voltage drop must stay below specific 

values. If the line exceeds a particular length, a larger cable cross section must be chosen that corresponds to 

this. For cross-sections common in the construction sector, the voltage drop is almost purely ohmic [6]. 

Therefore, a voltage drop of e.g. 3% – at a corresponding current – also represents an energy loss of 3%. 

Offsetting this ohmic voltage drop by inductive-capacitive tricks does not remove the energy losses. Only those 

energy losses do not longer result in a voltage drop. 

However, the target should always be to reduce the voltage drop as much as possible, both when designing 

systems and when standardizing energy efficiency in buildings. Therefore: do not criticize limit values that 

appear all too stringent, simply implement them! 

ASSISTANT 3: THE TRIPPING CONDITIONS 

The tripping conditions of protection devices may also demand an increase in the cable cross section. This is to 

ensure a sufficient short-circuit current that will make the device trip. Hence: do not simply select the 

protective device one grade weaker, but reinforce the performance of the installation by upgrading the 

conductors, and save some energy as well. 

ASSISTANT 4: SELECTIVITY 

Selectivity is a very similar assistant. If a protective device trips because of an electric shock, overload or short-

circuit, it is important that it does so prior to any other protection further upstream. Otherwise, certain parts 

of the network are unnecessary cut off from the power supply. As a rule of thumb, the nominal tripping 

currents of any two protective devices connected in series must be at least two standard sizes apart. In reality 

the topic is far more complicated, but what is sure is that issues of selectivity may require the selection of a 

larger cross-section. Indeed, if the protective device has to be dimensioned one size up to ensure selectivity, 

the cable section must be dimensioned accordingly. Do not remonstrate, but install! The larger cross section 

brings along nothing but advantages. 

ASSISTANT 5: THE LOAD PROFILES 

A base load profile means that a line can or must be permanently loaded with the maximum permissible 

current. As initially shown, this point is miles away from the life cycle cost optimum. If, on the contrary, the 

load is characterized by brief peaks, this requires the line to be operated well below its maximum permissible 

current for the vast majority of the year (example: profile HZ0). 

Thus, a night storage heater with a power rating of 10 kW almost fully utilizes a connection cable of 5*1.5 

mm². However, if the heater draws its annual energy consumption (around 14,656 kWh according to load 

profile HZ0) continuously over the year, distributed over day and night at its mean power of 1.7 kW, in theory 

a line of 0.25 mm² would be sufficient if only the heating load had to be considered. You could therefore say 

that the saving potential has already been exploited by choosing the tenfold cross-section. This is not 

completely correct, because the larger cross-section is actually needed in this operating mode. The above-

mentioned payback period of 13 years for an upgrade that goes even further is not absurdly long. It is actually 

within the range of the life cycle of such a system. This indicates that the factor 10 is not absurdly high, but 

happens to represent the desired economic optimum. Therefore, even if the demanded cross sections for 

connections with a continuous load seem exaggerated, do not criticize those design demands; simply 

implement them. 
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ASSISTANT 6: HARMONICS AND OTHER SYSTEM PERTURBATIONS 

IEC 60364-5-52 [8] contains all sorts of limits for the current-carrying capacity for a variety of cables and a 

whole host of installation methods and grouping factors, albeit only for cables with two or three loaded wires. 

If harmonic currents occur in cables with four loaded wires, the Supplement 3 to IEC 60364-5-52 gives further 

indications. However, it is extremely difficult to determine in advance how much of which harmonic current 

will actually be present. They do not all pile up in the neutral conductor. As a result, safety factors have been 

incorporated into the guideline values. The effect that the harmonics partially cancel each other out instead of 

adding up could not be taken into account, since the occurrence and possible extent of this effect cannot be 

predicted. In most cases, therefore, a thicker line than is needed will be chosen, but this comes with the bonus 

of better energy efficiency. This once again brings us a little closer to a design based on lowest life cycle costs. 

Therefore: do not criticize design demands with safety factors that appear excessive, simply implement them. 

ASSISTANT 7: E-MOBILITY AND OTHER SUSTAINED LOADS 

Even the latest standards in the IEC 60364 series still contain statements such as the following: “The current I2 

ensuring effective operation of the protective device shall be provided by the manufacturer. An installation in 

accordance with this clause may not ensure enough protection in certain particular cases, such as when 

sustained over-currents of a value lower than I2 occur. In such cases, consideration should be given to 

selecting a cable with a larger cross-sectional area.”[9] This means that the standard makes a telling remark 

about itself: “Compliance with this standard does not necessarily mean that your installation is safe.” 

It is sentences such as these that now preoccupy many installation professionals and standard makers. 

Previously it simply did not happen that a building cable was exposed to its full current carrying capability for 

hours or even days. The background is that e.g. a circuit breaker B 16 A trips at the earliest at 17.6 A, at the 

latest at 23.2 A and also not necessarily any earlier than after one hour. But what if an electric car is charged 

through such a connection? Because of this, special charging plugs have been developed which can prevent 

the car from being charged through regular home plugs and CEE connectors. Whether CEE plugs are actually 

not suitable for continuous loads remains to be seen; the problem with the lines has therefore not yet been re-

solved. As always, sentences like the above should not appear in any standard. Remedies are long overdue and 

should be simple: 

 Either use 2.5 mm² conductor cross-sections for final circuits that are fused at 16 A and use the same 

cross section for single phase cables. 

 Or provide 13 A fuses for circuits that are designed with 1.5 mm² cross sections. Feel free to install 

one category higher to offset any potential deficiencies. 

  

 
Figure 11 — How cheap can/should safety actually become? 
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Figure 12 — Is it just the quantity that makes the 16 A MCB so cheap? Then this would be the case as well for 

any other type of fuse that is produced in large quantities. 

 

In this way an installation comes closer to one with low energy losses and the lowest life cycle cost. The 

objection is often made against this strategy that the B 16 A circuit breaker is by far the cheapest (Figure 11). 

This is a kind of self-fulfilling prophecy. The B 16 A circuit breaker can be offered so cheaply (Figure 12) 

precisely because it is manufactured and sold in very large quantities. There are no technical grounds for this. 

If the focus shifts to another, safer current rating, prices will follow. Prices are a matter of trade. 

Manufacturers think and act globally, and in other countries, other sizes became market leaders. Therefore, as 

long as a standard questions its own specifications, do not wait for the rectification of the standard. Do the 

right thing and rectify it yourself. 
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OUTLOOK 
Today, in an age rightly concerned with energy efficiency, a cable can no longer be regarded as being optimally 

used if it actually reaches its maximum permissible temperature. The time is past when instructions, standards 

and other provisions can be read like mere selection criterion. Your cable should not really run as hot as 

permitted by mere safety considerations. 

A similar procedure as described above should be followed to calculate the optimal conductor cross section for 

a photovoltaic installation, incorporating the feed-in tariff. The prices guaranteed by the feed-in tariff are a 

further incentive to upgrade the conductor cross-sections (see Application Note – Optimal Cable Sizing in PV 

Systems) 
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