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Abstract — There is a growing demand to modernize energy 

distribution networks to reduce energy losses as they account for 

a considerable proportion of the operating costs of distribution 

systems.  

The commitment to more efficient components adapted to the 

particularities and requirements of the networks will promote 

their economic sustainability: the cost of energy will depend only 

on the consumption of the grid, which will reduce the financial 

costs and reduce the environmental impact of energy exploration.  

Consequently, it is a priority to search the network for problem 

areas in terms of losses in energy distribution systems and to find 

solutions to them, and this will be the main focus of this paper.  

The Medium Voltage network of the Alameda campus is 

characterized by its ring shape, with ten electrical substations 

connected by three singlecore cables and whose installed 

transformers’ nominal power make up about 25% of the power 

purchased from the Network. This was the first "red flag" that, 

possibly, the installed transformers were not adequate for the 

campus electrical consumption.  

The applied tariff was negotiated jointly with the University of 

Lisbon, after the integration of the Instituto Superior Técnico to 

this university, and, therefore, is not a viable point in reducing the 

costs of the electric bill.  

Thus, the distribution lines and the transformers were studied, 

with daily measurements performed on both the Medium Voltage 

and Low Voltage side. Problem areas were identified, solutions 

were proposed and costs were analysed. 

 
Index Terms — Energy efficiency; Power losses; Strategies to 

reduce power losses. 

 

I. INTRODUCTION 

EDUCING the losses in energy distribution and thus 

increase its efficiency is a growing concern and it’s crucial 

for future financial stability and resources sustainability. It’s a 

relevant subject that’s one of the main focus of “2020 climate 

& energy package” [1] whose objective is to have 20% 

improvement in energy efficiency by 2020. 

Electricity costs have a high percentage in operational costs 

of a university, with Instituto Superior Técnico (IST) having 

more than 1 000 000 € annual electricity bill. The costs can be 

decreased with simple strategies such as decreasing the 

consumption by closing some infrastructures which use is not 

 
 

mandatory but the savings are limited to the people’s needs and 

might not be successful in a longer term. 

Therefore, more permanent and effective solutions are needed. 

Section II presents the model proposed for the distribution grid 

components. In section III, the power losses in the electrical 

system are presented. In section IV, a method is introduced to 

calculated the power losses in Alameda campus and the power 

losses were calculated and in section V, these losses are 

translated into costs, in a yearly basis. Finally, in section VI are 

drawn conclusions about the results obtained.  

II. MODELLING OF DISTRIBUTION GRID COMPONENTS 

The Medium Voltage grid is composed by three singlecore 

LXHIOV 240 mm2 cables that connect, in a ring formation, the 

ten electrical substations existed in Alameda campus. Each 

electrical substation has one to three transformers, with nominal 

power between 500 to 1000 kVA. 

The campus Medium Voltage grid was modelled, using the 

distribution lines’ equivalent circuit and the transformers’ 

equivalent circuit. For the distribution lines in was used the π 

equivalent circuit and for the transformers, since it was not 

possible to remove them from the grid, the nameplate data was 

used to assess its equivalent circuit. 

  

A. Distribution Lines’ model 

The characteristics of singlecore LXHIOV 240 mm2 are 

presented in Table 1. 
Table 1: Singlecore LXHIOV 240 mm2 's characteristics 

 
 

  Since the cables have different lengths, it was estimated each 

size and the final characteristics used in the π model can be 

consulted in Table 2. It has also been considered in the 

equivalent impedance and capacitance calculation equations 

(1) and (2), where �̅�𝐿 is the cable impedance, 𝑅 is the cable 

resistance, 𝐿 is the cable inductance, �̅�𝑇 is the cable shunt 

admittance and 𝐶 is the cable capacitance. 

 Resistance 

[Ω km-1] 

Inductance 

[mH km-1] 

Capacitance 

[µF km-1] 

6/10 kV 0.125 0.29 0.50 
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 �̅�𝐿 = 𝑅 + 𝑗𝜔𝐿 (1) 

 �̅�𝑇 = 𝑗𝜔𝐶 (2) 

 

Table 2: Characteristics of the several cables 

 

B. Transformers’ model 

Using the nameplate data in each transformer, the model’s 

parameters were estimated through the open-circuit test and the 

short-circuit test. The results can be consulted in Table 3. 

  
Table 3: Parameters' values of the distribution transformers 

 

III. POWER LOSSES IN THE ELECTRICAL ENERGY SYSTEM 

In the electrical energy system are several sources of losses 

which will be described below.  

A. Classification of power losses 

There are two types of transmission and distribution losses: 

 Technical losses; 

 Non-technical losses. 

1) Technical losses 

Technical losses are due to energy dissipated in the 

conductors, the equipment used for power lines and 

transformers and magnetic losses in the transformers. They are 

directly dependent on the grid characteristics and the mode of 

operation [2]. 

There are two type of technical losses: 

 Fixed technical losses; 

 Variable technical losses. 

a) Fixed technical losses 

Fixed losses don’t vary due to the current: they take the 

form of heat and noise and occur when a transformer is 

energized. 

Fixed losses contribute with 25 to 33% of technical losses 

on distribution grid and can be caused by: 

 Corona losses: in high voltage AC transmission lines, 

corona loss is an ionization of the air that occurs 

when the electric fields around a conductor exceed a 

specific value [3]; 

 Leakage Current Losses: leakage current is current 

that flows in a device that is thought to be turned off 

where ideally no current would flow; 

 No-load losses of a transformer: iron losses at the 

core of the transformer, dielectric losses at the 

insulating material and copper losses due to no-load 

current. Both dielectric and copper losses have a 

value that can be despised when comparing to iron 

losses, due to their small value. Iron losses include 

the Eddy-current losses and hysteresis losses; 
 

 Losses caused by continuous load of measuring 

elements; 
 

 Losses caused by continuous load of control 

elements. 

b) Variable technical losses 

Variable losses vary with the amount of electricity 

distributed. More precisely, they are proportional to the square 

of the current. 
Variable losses contribute with 66 to 75% of total losses on 

distribution grid. The main source for these losses is Joule 

losses. 

(1) Joule losses 

Joule losses are caused by the heat created by a flow of 

electric current through a material that has some resistance. 

In power lines, since their purpose is to transmit energy, any 

energy converted to heat is lost furthermore, resistive heating 
of transmission and distribution lines is undesirable since it 

Electrical Substations 

(Beginning ― End) 

Cable Impedance Shunt Admittance 

�̅�𝑳  [Ω] �̅�𝑻/𝟐 [Ω] 

Civil (1) ― 

Torre Norte (2) 
4.62× 10-2 + j 3.37× 10-2 j 2.90 × 10-5 

Torre Norte (2) ― Jardim 

MEEC (3) 
1.01× 10-2 + j 0.74× 10-2 j 6.35 × 10-6 

Jardim MEEC (3) ― 

Informática I (4) 
1.63× 10-2 + j 1.19× 10-2 j 1.02 × 10-5 

Informática I (4) ― Mecânica 

III (5) 
2.09× 10-2 + j 1.53× 10-2 j 1.32 × 10-5 

Mecânica III (5) ― Cantina 

(6) 
1.82× 10-2 + j 1.33× 10-2 j 1.15 × 10-5 

Cantina (6) ― 

Minas (7) 
2.07× 10-2 + j 1.51× 10-2 j 1.30 × 10-5 

Minas (7) ― 

Torre Sul (8) 
1.72× 10-2 + j 1.26× 10-2 j 1.08 × 10-5 

Torre Sul (8) ― Matemática 

(9) 
2.36× 10-2 + j 1.72× 10-2 j 1.48 × 10-5 

Matemática (9) ― Complexo 

Interdisciplinar (10) 
0.82× 10-2 + j 0.60× 10-2 j 5.15 × 10-6 

Complexo Interdisciplinar 

(10) ― Civil (1) 
3.50× 10-2 + j 2.55× 10-2 j 2.20 × 10-5 

 

Electrical 

Substations 

Distribution 

Transformer 

Primary Side 

Impedance 

Secondary Side 

Impedance 

Magnetizing 

Impedance 

𝒓𝟏 [Ω] 𝒙𝟏 [Ω] 𝒓𝟐′ [Ω] 𝒙𝟐′ [Ω] 𝑹𝑴 [Ω] 𝑿𝑴 [Ω] 

1 Civil 

TR1 

630 kVA 
1.30 × 10-3 0.22 1.30 × 10-3 0.22 122.08 14.09 

TR2 

630 kVA 
1.30 × 10-3 0.22 1.30 × 10-3 0.22 122.08 14.09 

TR3 

1000 kVA 
1.03 × 10-3 0.21 1.03 × 10-3 0.21 107.96 6.62 

2 Torre Norte 

TR1 

800 kVA 
1.33 × 10-3 0.17 1.33 × 10-3 0.17 130.08 7.95 

TR2 

800 kVA 
1.33 × 10-3 0.17 1.33 × 10-3 0.17 130.08 7.95 

3 Jardim MEEC 
TR1 

800 kVA 
0.96 × 10-3 0.26 0.96 × 10-3 0.26 93.35 15.47 

4 Informática I 
TR1 

630 kVA 
1.30 × 10-3 0.22 1.30 × 10-3 0.22 122.08 14.09 

5 Mecânica III 
TR1 

630 kVA 
1.25 × 10-3 0.24 1.25 × 10-3 0.24 94.58 56.55 

6 Cantina 
TR1 

500 kVA 
1.75 × 10-3 0.28 1.75 × 10-3 0.28 144.27 16.82 

7 Minas 
TR1 

800 kVA 
1.33 × 10-3 0.17 1.33 × 10-3 0.17 130.08 7.95 

8 Torre Sul 
TR1 

1000 kVA 
0.70 × 10-3 0.21 0.70 × 10-3 0.21 101.73 16.07 

9 Matemática 

TR1 

630 kVA 
1.3 × 10-3 0.22 1.3 × 10-3 0.22 122.08 14.09 

TR2 

1000 kVA 
1.03 × 10-3 0.21 1.03 × 10-3 0.21 107.96 6.62 

10 
Complexo 

Interdisciplinar 

TR1 

630 kVA 
1.3 × 10-3 0.22 1.3 × 10-3 0.22 122.08 14.09 
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causes thermal expansion of the conductors and, in extreme 

cases such as fault conditions, resistive heating can melt the 

wires. 

For calculating resistive heating the formula is given by 

equation (3), where 𝑃 is the active power, 𝐼 is the current and 

𝑅 is the resistance. 

 𝑃 = 𝐼2 ∙ 𝑅 (3) 

Since the resistance of a material can be calculated by (4). 

 
𝑅 =

𝜌 ∙ 𝑙

𝐴
 

(4) 

Where 𝜌 is the resistivity of a certain material, 𝑙 its length 

and 𝐴 is its cross sectional area. 

The resistivity is constant for a certain material, so the 

resistance of a power line has a larger value when its length is 

larger value or its cross sectional area is smaller. 

 

B. Viable solutions for reducing losses in the distribution 

network 

1) Installation of capacitor banks 

Companies have additional billing related with reactive 

power consumption, with its values varying with the quantity 

of reactive energy consumed, as it can be observed in Table 4. 

These multiplicative factors are applied to the reference price 

of reactive energy. 

 
Table 4: Multiplicative factor per rank of inductive reactive energy 

[4] 

 
Therefore, to minimize the electrical costs, it’s important 

that the reactive energy is as low as possible and that can be 

achieved with the installation of capacitor banks. 

Capacitor banks provide additional benefits [5], as such: 

 Increased system capacity; 

 Improved voltage; 

 Reduced losses. 

a) Increased system capacity 

Decreasing the reactive energy, while maintaining the 

active energy, lowers the apparent energy which, in turn, 

lowers the current. Therefore, in overloaded facilities, 

lowering the reactive energy, increases the system capacity. 

b) Improved voltage 

Consequence of the lower current described above, 

capacitor banks promote a more stable voltage. Low voltage, 

resulting of the excessive current draw, causes motors to be 
sluggish and overheated. With the addition of capacitors to a 

system, the motor’s performance is more efficient and its 

durability is improved. 

c) Reduced losses 

A portion of the losses is caused by the reactive current 

flowing in the system, that is directly related to reactive 

energy. The power loss is calculated by squaring the current 

and multiplying it by the circuit resistance. Thus, lowering the 

reactive part of the current will reduce the power losses. 

 

2) Transformers 

Another way to reduce losses, is to have the value of the 

nominal power of the installed transformers close to the power 

consumption levels expected for a certain network. This will 

promote higher levels of efficiency, comparing to the 

efficiency of transformers operating with a low load and 
prolongate the life expectancy of the machine, when 

comparing with transformers operating in overloading. 

 

3) Introduction of distributed generation 

Instead of reducing the cost of power distribution by 

lowering the power losses, one can introduce distributed 

generation to reduce the power bought from the grid. 

A study was made to investigate the viability of the 

implementation of renewable energies in IST campus [6] and 

concludes that the installation of 2585 photovoltaic modules in 

Alameda campus, corresponding to an installed power 

capacity of 723.8 kW, would be capable to produce 1191 

MWh per year, which would lower the annual energy 

consumption by 10%. 

 

IV. METHOD FOR CALCULATING LOSSES 

A. Line losses 

The calculation of the Joule losses in the lines that connect 

the various substations was performed using a power flow 

analysis. However, it failed due to the network’s ring shape 

characteristic. Thus, an alternative solution was designed 

using the Kirchhoff’s current law (5) and the simplified 

Gauss’s law (6). 
 ∑ 𝑖𝑘

𝑘

= 0 

 

(5) 

 
𝑅 =

𝑈

𝐼
 

 

(6) 

This model was built as described below: 

The current with origin in the network (𝑰𝐸𝐷𝑃) was estimated 

using the active (𝑃𝐸𝐷𝑃 ) and reactive power (𝑄𝐸𝐷𝑃) given by 
EDP, the company that provides the electricity at campus.  

The substation ES 1: Civil was considered the bus reference 

and consequently the 𝑼1, the voltage at this bus, has phase 

with zero value. Knowing that 𝑺𝐸𝐷𝑃 is defined by (7), 𝑰𝐸𝐷𝑃  
was calculated using (8): 

 𝑺𝐸𝐷𝑃 = 𝑃𝐸𝐷𝑃 − 𝑗𝑄𝐸𝐷𝑃 

 

(7) 

 
𝑰𝐸𝐷𝑃 = (

𝑺𝐸𝐷𝑃

𝑼1

)
∗

=
𝑃𝐸𝐷𝑃 − 𝑗𝑄𝐸𝐷𝑃

𝑼1

 

 

(8) 

In some substations, due to safety reasons, it was not 

possible to make measurements. Therefore, in those situations 

the current was estimated as 𝑚 times lower than the measured 
in the lower voltage side of the transformer and the voltage as 

𝑚 times higher. This 𝑚 is the turn ratio of the transformers 

Ranks Description Multiplicative factor 

Rank 1 0.3 ≤ tan 𝜙 < 0.4 0.33 

Rank 2 0.4 ≤ tan 𝜙 < 0.5 1.00 

Rank 3 tan 𝜙 ≥ 0.5 3.00 
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and its value is approximately equal to the voltage at the high 

voltage size divided by the one at the lower voltage size (9). 

 
𝑚 =

10000

230
≅ 43.48  

(9) 

In Figure 1, a detail of the overall network can be observed, 
referring to the reference bus, located at ES 1: Civil. 

 
Figure 1: Reference bus (ES 1: Civil) 

Using ((5), it is obtained that: 

 𝑰𝐸𝐷𝑃 = 𝑰𝑇1
+ 𝑰𝑇2

+ 𝑰𝑇3
+ 𝑰1 + 𝑰10 (10) 

 

In which 𝑰𝑇𝑖
 are the currents measured in the high voltage 

side of each transformer T and 𝑰1 and 𝑰10 are the currents in 

the lines that connect the bus reference to bus 2 and bus 10, 

respectively. 

Due to the high symmetry level of the grid relative to the 

reference bus, one assumed that 𝑰1 = 𝑰10.  
Therefore, equation (11) is reached. 

 
𝑰𝐸𝐷𝑃 = 𝑰𝑇1

+ 𝑰𝑇2
+ 𝑰𝑇3

+ 2𝑰1 ⇔ 𝑰1

=
𝑰𝐸𝐷𝑃 − (𝑰𝑇1

+ 𝑰𝑇2
+ 𝑰𝑇3

)

2
 

 

(11) 

All currents and voltages were measured by its absolute 

value. Therefore, each one’s phase angles must be determined. 

Since the bus reference voltage’s phase angles was already 

defined as zero, the currents angular phases will be equal to 

− cos−1 (cos 𝜙), being cos 𝜙 the cosine of the phase angle 

difference measured. 

With the values of the currents in lines 1 and 10 calculated, 

it is possible to calculate the voltage of busses 2 and 10, that 
are given by (12) and (13). 

 

 
𝑰1 =

𝑼1 − 𝑼2

𝒁𝐿1

⇔ 𝑼2 = 𝑼1 − 𝑰1𝒁𝐿1
 

 

(12) 

 
𝑰10 =

𝑼1 − 𝑼10

𝒁𝐿10

⇔ 𝑼10 = 𝑼1 − 𝑰10𝒁𝐿10
 

 

(13) 

Knowing the phasor voltage 𝑼𝑖  (its absolute value as well 

as its phase angle), the phase angle of the currents 𝑰𝑇𝑖
 in the 

transformers can be calculated using (14): 

 arg(𝑰𝑇𝑖
) = arg(𝑼𝑖) − cos−1 (cos 𝜙𝑖) 

 
 

(14) 

Following, one can determine line currents 𝑰3 and 𝑰9, using 

relations (15) and (. 

 
𝑰3 = 𝑰2 − ∑ 𝑰𝑇𝑖

𝑖

 

 

(15) 

 𝑰9 = 𝑰10 − ∑ 𝑰𝑇𝑖

𝑖

 

 

(16) 

The remaining line currents can be calculated in an analogous 

way. 

 

B. Transformers’ power losses 

With the measurements made on the substations set in the 

Alameda campus, it can be found that all transformers are 
operating well below their nominal power. This fact has two 

significant consequences: 

 The transformers’ efficiency, which can normally be 

up to 90% during its nominal operation, will be 

significantly under that value; 

 The equivalent circuit parameters found in chapter 2, 

based on each transformer rated values, cannot be 

used. 

A transformer efficiency, depending on its nominal power, 

is dependent on its load level, with efficiencies of roughly 

90% starting at loads of 50%. 

With these limitations and the fact that, due to not having 

the right resources such as not having a measuring equipment 

capable of measuring voltages around 10 kV, it was not 

possible to measure the voltage in the MV side of each 

transformer. Therefore, to estimate the losses in each 

transformer, one used typical efficiency values for each 
transformer and extrapolate its losses both in power and 

electricity costs. 

The average value of each transformer load can be observed 

in Figure 2, as well as the respective maximum and the 

minimum load values measured. 

 
Figure 2: Transformers' load values:  
maximum, minimum and average 

Figure 2 clearly shows that the transformers TR3 installed 

in ES1: Civil and TR2 in ES 9: Matemática are operating with 

load levels too low and, since in the same electrical substation 

are one or more transformers, also operating at low load 

levels, which can operate with this additional load, their 
removal from the grid should be discussed. 

Using the average power value and a typical graph for the 

transformers’ efficiency evolution (Figure 3), as function of its 
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load and power factor (p.f.), a value for their efficiency was 

estimated. These values can be consulted in Figure 4. 

 

 
Figure 3: Typical curve of a transformer's efficiency regarding the 

rated load: its fraction and respective power factor (p.f) [7] 

 

 
Figure 4: Estimated Efficiency 

V. COST OF LOSS ENERGY EXPECTED IN THE NEXT FEW YEARS 

A. Line losses 

It was found that the maximum value for each line current is 

much lower than the lines’ maximum current, with the 
maximum value being approximately 18% of the catalogue’s 

value (412 A). 

At first sight, cables with a lower cross section, with a 

maximum current closer to the line currents calculated should 

have been installed, since its commercial price was lower. But, 

knowing that a smaller cross section increases the cable 

resistance and thus increases the power losses, it was verified 

if the difference between the power losses was significant. 

Applying the rated current, it was estimated that changing all 

cables to the 25 mm2 version of the same manufacturer, which 

has a maximum current value of 118 A (about 64% of the 

maximum current calculated), would cost 10.27€ per day, 

approximately more 1829€ per year. The choice of cables was 

the right one, considering the savings it provided. 

Line power losses were also calculated, with 10% load higher 

and can be seen in Figure 5. 

 
Figure 5: Price changes with load increase 

From these results, it can be concluded that, even with 150% 

load increasing, the power losses values weren’t remarkable 

enough so the investment of changing all lines wouldn’t be 

justified. The lines are over dimensioned but are not a 

significant source of power losses in this study. 

B. Power transformers losses 

 

Using the estimated efficiency in Figure 4, and assuming that 

at rated load the transformers would have a rated efficiency of 

about 95%, it was calculated the total cost per transformer of 

the power losses (Figure 6): 

 
Figure 6: Cost of the power losses in a year time frame 

Figure 6 shows that, consistently with the transformers’ 

efficiency estimated in Figure 4, the transformers with the 

lowest efficiency will have the highest cost, being the 

transformer TR2 of the substation ES 9: Matemática the one 

with the highest cost (8874 €) and the third one with the 

lowest efficiency (56%) and ES 1: Civil TR3 the one with the 

lowest efficiency (50%) and it’s the third one that with the 

higher cost (4790 €). 

The sum of the power losses’ prices stays about 45 800 € in 

a year. 

Since it is foreseeable that energy consumption on campus 

will not increase and may even fall, the values shown above 

will be constant throughout the years. 
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VI. CONCLUSION 

It can be observed that the main contributor to power losses 

in the MV grid at Alameda campus is the low load of the 

transformers. The power installed is about 25% of total 

consumption and, consequently, the transformers are operating 

way below their nominal power. 

Using more appropriate transformers would lower the 

electrical bill by 45000€ per year, which is 4,5% of the annual 

energy consumption cost. Therefore, the removal of two 

transformers was proposed and the viability of changing all 

transformers should be investigated. 
As mentioned earlier, [6] suggests the installation of 

photovoltaic modules at Alameda campus which would 

generate 10% of annual energy consumption. The possibility 

of joining both solutions would originate a different approach 

to the energy saving strategy in Alameda campus. 

A. Future work 

The elaboration of this dissertation allowed to discover the 

power saving weaknesses of Alameda campus and a further 

investigation should be pursued: 

 Measurements should be made along the year and 

each transformer should be measured simultaneously. 

Security measures should be taken to allow 

measurements in MT side of all transformers. 

 The best solution, due to its load and age, would be 

replacing all transformers (except the transformer in 

ES 3: Jardim MEEC) with a more efficient and with 

adequate nominal power. This solution’s viability 

should be investigated. 

A more conservative solution would be to replace only a few 

selected transformers: a study would have to be made, 

concerning the investment and the return rate of which 

transformer to identify the ones that have a better return rate. 
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