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Abstract 14 

This article aims at the creation of a holistic and analytic function for describing the transmission and 15 

distribution (T&D) grid power loss for all countries globally based on economical, geographical, political and 16 

technical available data. The created function is the very first of its kind, it is statistically well validated, and 17 

several examples are discussed. The function based on empirical data describes the dependence of the T&D grid 18 

power loss level on widely available metrics, such as GDP per capita, corruption perception index, area of the 19 

country, temperature, grid organization parameter and level of urbanization. The same function can also be used 20 

by modellers to anticipate the development of the T&D grid power loss in the years and decades to come. The 21 

suggested methodology could be easily reproduced and tuned to precise environmental conditions, what can be 22 

helpful for research in countries without available data. 23 
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1. Introduction 24 

Among many characteristics of power networks, power loss is of utmost importance. The grid is aimed to 25 

transfer energy from sites of generation to the demand side, and power loss describes how efficient a grid system 26 

is in total. Mainly, technical losses appear while energy is transported through power lines, transformers and other 27 

equipment plus non-technical losses in some countries (energy theft) [1]. The technical losses have various reasons 28 

for their origin and development, and various ways to be calculated. 29 

Technical power losses can be divided into two main categories: 30 

1) Power line losses: These power losses depend on the conductivity of the line material, the cross-sectional 31 

area, the length of line [2] and further dynamically changing conditions, such as ambient temperature and current 32 

density in the conductor [3]. 33 

2) Transformer losses: There are two kinds of losses. No-load losses (fixed losses) occur permanently for 34 

all hours of a year as a consequence of the grid equipment. They are called iron losses and their appearance is due 35 

to magnetization currents which take place in transformers and reactors. For example, there are losses due to 36 

hysteresis and eddy currents in the iron core. These losses do not depend on the amount of current that flows 37 

through the transformer, but they could rise with the value of input voltage. Load losses (copper losses) are those 38 

which are caused by the flow of current through transformer windings and other parts of the equipment, and their 39 

magnitude depends on the amount of current flowing through conductors and its temporal resolution. In addition, 40 

magnetic flux leakage also takes place in transformers [2].  41 

Transmission and distribution grid losses and transformer losses typically account for about 4-15% [4], [5], [6] 42 

of all generation, and losses exceeding these levels are expected to be non-technical losses in the system. 43 

The level of voltage in grids is also of utmost importance for the determination of power losses. A higher 44 

voltage level means that less current is needed to transmit the same amount of power through the network, and 45 

losses are proportional to the square of the current. However, a higher voltage level leads also to higher building 46 

costs of the network. Moreover, the loss factor increases depending on the remoteness of end-users from 47 

generators. Here, calculated power losses cover the total loss from high voltage (HV) to low voltage (LV) so that 48 

three loss fractions (HV, medium voltage (MV) and LV) are taken into account.  49 
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Generators (different power plants or any source of electricity) are responsible for producing the exact amount 50 

of electricity that can cover all demand, including power losses. However, the factor of power loss adds some 51 

uncertainty, among others, in the system, and it becomes more difficult to predict the electricity that should be 52 

generated in the long-term, which increases the level of complexity of the power system design. Furthermore, 53 

network capacity is needed to transmit power losses from generators to loads via lines and transformers, in which 54 

losses occur. Thus, due to the losses, higher generating and network capacities have to be installed, which results 55 

in higher electricity costs.  56 

Apart from the technical parameters, it is also important to take economic considerations into account. Annual 57 

expenses for power losses consist of generating, transmitting and distributing costs. [2]. Eventually, optimization 58 

of the losses is the optimization of the costs, where a designer takes into account the costs for generating and 59 

transmitting extra power and energy for losses, and on the other hand, considers the added costs for increasing the 60 

dimensioning of the network equipment. Hence, the aim is typically not to strive for minimal losses, but for 61 

minimal costs. 62 

The stakeholders of the energy system want to know the level of power losses and their related costs. The level 63 

of the power loss has an impact on the whole power system, and consequently on the whole society. Estimations 64 

of the future power loss can be key for the design of proactive development strategies on a country level. 65 

Vishwakarma et al. [7] stated that system operation improvement, including power losses, can be one of the 66 

determinant for the adoption of proactive strategies in the power sector. Information about possible future power 67 

losses is very important for decision makers, because it gives opportunity to estimate future electricity demand 68 

and peak load. Both electricity consumption trends and power losses define the changes of the total power demand 69 

in the system. This electricity demand and peak load are the key parameters for any modelling of the power system 70 

development, independently on the scale and the methodology of modelling, as shown for the case of Taiwan [8] 71 

and system dynamics modelling and for whole Northeast Asia [9] and linear programing.  72 

Future power loss can be estimated in different ways. One way is to simulate the network operations using 73 

optimal power flow (OPF) methodology, for which several different realisations of the algorithm have been 74 

developed [10], [11], [12]. All these methods demand a description of the network topology, which is complicated 75 

or impossible in case of long-term estimation, and in case of real networks the complexity of calculations 76 

increases. Another drawback is that this calculation method estimates ideal power loss, however power loss is 77 

strongly affected not only by the system structure, but also by generation, DSO and TSO operation principles and 78 

an increasing number of prosumers [13].  79 



Another way of power loss estimation is based on statistical data collected from some previous years. A typical 80 

way would be the derivation of trends, which follow years in the past, without taking into account additional 81 

future possible changes. The more years into the future the trend is approximated, the less accurate this method 82 

is. Usually, short-term prognoses are used [14], so there is need for a long-term estimation method. 83 

Dortolina and Nardira [15] suggest that parameters such as levels of urbanization and corruption may have 84 

some influence on overall T&D losses. Specifically, a greater number of feeder points, which could be used as a 85 

representation of urbanization, were found to result in lower grid losses. In addition, losses were observed to 86 

decrease after privatization of companies, leading to the idea that there was stricter control of electricity 87 

consumption and less external, illegitimate energy use of power. Nagayama [16] also made the hypothesis that 88 

T&D losses can reduce with economic growth, due to general improvement in the utilities operation, also it was 89 

observed that even with the same GDP power loss levels varied due to different development levels and failed 90 

policies. However, a more holistic method of analysis has not been illustrated in scientific literature.  91 

The intention here is to develop a model which can describe the total power loss in the transmission and 92 

distribution grid based on empirical data. The model is then calibrated for statistical reasons for all countries for 93 

which data are accessible. In the framework of this research it was stated that worldwide available parameters 94 

should be used in such a way so as to have the most possible and reliable calibration in the present situation. Upon 95 

this one can then go on to future projections. The aim of this research is to find the dependence of electricity losses 96 

in transmission and distribution grids on parameters for which values and reliable future projections can be found 97 

for as many countries as possible. This prerequisite significantly decreases the available parameters, making it 98 

unnecessary to use all technical grid parameters. 99 

2. Methodology 100 

2.1. Possible methods 101 

There are several possible methods to determine a multidimensional function for relating input parameters to 102 

output values of the power loss in transmission and distribution grids. The following mathematical approaches 103 

can describe the problem well: firefly algorithm (FA) [17], genetic algorithm (GA) [17], artificial neural networks 104 

(ANN) [18] and linear regression (LR) [19]. 105 

Under close observation, FA is based on the same logic as fireflies move towards the brightest firefly. If there 106 

are no fireflies, the base species will move in a random direction. The intensity of brightness is an indicator of the 107 

best fitting function. The developer of this algorithm is Xin-She Yang [17]. 108 



Genetic algorithms are used to solve problems with a complex search. GA uses the logic of natural selection. 109 

It assumes an evolution and then presents the advanced product with an increased environmental adaptation to 110 

define a more optimal structure and respective coefficients of the formula [17]. Unfortunately, both FA and GA 111 

cannot guarantee an optimal status of the found solution due to the heuristic nature of these algorithms and unclear 112 

stop criteria. 113 

Artificial neural networks perform like biological neurons, which accept input values with some weight. These 114 

values are then summed up with bias and then presented as a result [18]. With given parameters and result data, 115 

we can train ANN and specify a set of weights to produce optimized results for any given dataset. However, such 116 

ANN will not provide an analytical formula, and dependencies will be unclear. 117 

In this research, given algorithms and ANN could not perform the appropriate result due to a lack of input data 118 

on which the result could be checked, complex structure of training of the neural networks and difficulties in the 119 

ability to provide a formula in a required way. These complex algorithms do not fit our requirement, to create a 120 

simple to use tool based on a transparent calculation methodology. 121 

Thus the linear regression method [19] was the first step towards the development of a holistic formula to 122 

describe the transmission and distribution (T&D) gird losses for all countries globally. Linear regression could at 123 

first provide a draft of all factors finally needed, as well as their weights and coefficients. With already known 124 

relations of relevant factors, it is possible to specify which dependencies should be included or excluded from an 125 

empiric data based formula. Regression is the simplest mathematical approach dealing with many impact levers, 126 

but being still practical for the given problem with an explicit output formula. 127 

2.2. Pre-analysis 128 

Data on annual power losses worldwide were taken from the World Bank and IEA [20], [21], [22]. Power 129 

losses are very different for the various countries in the world, which are visualized in Fig. 1 and Fig. 2. 130 



 131 

Fig. 1. Average power losses in T&D grids for the years 2010 to 2012 in relation to total electricity generation 132 

worldwide in 0-40% (top) and 0-20% (bottom) scaling. 133 

 134 

Fig. 2. Distribution of power losses in T&D grids in relation to total electricity demand worldwide and the 135 

number of countries with a certain power loss level for the years 2010 to 2012. 136 

Based on World Bank data, power losses vary between around 3 and 70% of total electricity generation. Further 137 

information about the countries in relation to their geographical, political and economic status, which probably 138 

affects losses, enable a first draft of influencing factors. As seen from Figs. 1 and 2, the lowest power loss is 139 

observed in highly developed countries, with a high gross domestic product (GDP) per capita and well established 140 

power systems. Highest losses can be observed in countries of low income and high corruption. 141 

For the very beginning, some possible and logical groups of parameters were combined. As a first step, 142 

parameters were included, such as: GDP per capita, corruption perception index (CPI), temperature, population 143 



density, level of urbanization and area of the country. These metrics can be found for almost all countries 144 

worldwide, as well as their future projections. 145 

Values and projections for population density, area of the country and GDP per capita are taken from World 146 

Bank (GDP per capita [23], area of the country [24], population density [25]). Future projections for GDP per 147 

capita till the year 2050 are based on the assumption that by the year 2100 GDP per capita should become equal 148 

all over the world in order to fulfill the long-term Sustainable Development Goal of reducing inequality among 149 

countries [26]. Urbanization level values are based on data provided by the United Nations [27]. Temperature data 150 

are taken from National Oceanic & Atmospheric Administration (NOAA) [28]. Based on that dataset, the number 151 

of days has been calculated when the average temperature exceeds 20 ºC – the normal operational temperature of 152 

the power lines [29]. Corruption perception index values are taken from Transparency International [30], where a 153 

score of 0 means that a country is on a maximum level of corruption and a score of 10 means that there is no 154 

corruption in a country. 155 

Future projections for CPI are based on the assumption that CPI is dependent on GDP per capita. It is assumed 156 

that this dependency has the form of a sigmoid like function in (1): at first GDP growth results in fast progress in 157 

CPI increase, but further growth of GDP results in slower progress of CPI. CPI values for the year 2011 and their 158 

approximation by the sigmoid function are visualized in Fig. 3. 159 

 160 

Fig. 3. Approximation line of CPI dependency on GDP per capita for the year 2011. 161 

Equation (1) represents the dependence of CPI on GDP per capita for a certain country j and year i. This 162 

equation is used for estimating CPI for the years 2010 to 2050. 163 

𝐶𝑃𝐼𝑗𝑖 = 𝑐1 +
𝑐2−𝑐1

1+𝑒
(𝑐3− 𝐺𝐷𝑃𝑗𝑖)∙𝑐4

     (1) 164 

Coefficients are: c1 = 1.958, c2 = 9.054, c3 = 1.862∙104 €/capita and c4 = 1.562∙10-4 1/(€/capita). 165 



The parameters for describing power losses in the transmission and distribution grids in the years 2010-2012 166 

are the following: 167 

1) Population density 168 

 169 

Fig. 4. Average power loss in T&D grids in dependence on population density for the year 2011. 170 

According to Fig. 4, it can be assumed that this dependency is weak or there is no dependency at all. However, 171 

some countries, such as Singapore, which have the smallest average power loss, have the highest population 172 

density. Among other countries, dependencies are slightly noticeable. 173 

2) Level of urbanization 174 

 175 

Fig. 5. Average power loss in T&D grids in relation to average level of urbanization for the years 2010-2012. 176 

The level of urbanization shows how many people live in urban areas compared to the total population of a 177 

country. Fig. 5 shows the correlation between urbanization level and power loss in T&D grids: an increase in the 178 

level of urbanization of a country leads to a reduction in the power losses of T&D grids. The spread of values is 179 



quite significant, but a trend can be stated for a decreasing linear dependency of the level of urbanization on the 180 

T&D grid losses. 181 

3) Area of the country 182 

 183 

Fig. 6. Average power loss in T&D grids in relation to country area diagram for the year 2014. 184 

Fig. 6 does not show a clear dependency of the T&D grid losses on the land area of countries. Countries with 185 

a land area less than 1 000 000 km² are the majority among all countries. This helps to set an assumption about a 186 

different gradation of T&D grid power loss spreading in another area range or to determine limitations for this 187 

parameter. 188 

4) GDP per capita 189 

 190 

Fig. 7. Average power loss in T&D grids in relation to average GDP per capita for years 2010-2012. 191 

Fig. 7 shows the dependency of T&D grid power loss on average GDP per capita, best described by a 192 

composition of two exponential functions for different GDP per capital levels. GDP per capita helps to include 193 

the economic performance and productivity of a country into the analysis. 194 



T&D grid power losses are reduced for increasing levels of GDP per capita. The dependency is quite strong 195 

and follows an exponential law (Fig. 7). However, there is almost no further decrease in power loss levels beyond 196 

a GDP per capita threshold of about 40 000 €. 197 

5) Corruption Perception Index 198 

 199 

Fig. 8. Average power loss in T&D grids in relation to Corruption Perceptions Index for the year 2011. 200 

Corruption affects T&D grid power losses in an exponential way at first approximation. For countries with 201 

higher corruption level figures, the average T&D grid power losses are also higher than for countries, which are 202 

very close to a corruption free status (Fig. 8). From Fig. 8 it can be also seen that the distribution of the power 203 

loss values around the trend line also decreases with an increase of the CPI index. High levels of CPI emphasize 204 

that other influencing factors are more significant for those countries. 205 

6) Temperature 206 

 207 

Fig. 9. Average power loss in T&D grids in relation to number of days with average temperature higher than 208 

20 ⁰C for the years 2010-2012. 209 



Fig. 9 visualizes that the temperature level seems to have almost no influence on T&D grid power losses. 210 

However, a dependency could exist, but for the approximation in this research, other factors are much more 211 

significant. For the data available for the year 2010 to 2012, the dynamics are as follows: for warmer years and 212 

warmer climates, one can register a higher spread of observed losses in the system. This could imply that an effect 213 

of temperature exists, however it is not as significant as GDP per capita or the corruption index, and should have 214 

a lower weight in a final T&D grid power loss estimation formula. 215 

In order to check if the found dependencies have the same behaviour during the three years of available data, 216 

respective graphs (Fig. 10) for urbanization level and GDP per capita are created. The trend lines are slightly 217 

different for the three different years, mainly due to the fact that approximations could be made with errors and 218 

some distortion takes place in the approximation lines of these years. 219 

 220 

Fig. 10. Three approximation lines and average for power loss in T&D grids in relation to the level of 221 

urbanization (left) and in relation to GDP per capita (right) for the years 2010 to 2012. 222 

It is shown in Fig. 10 that the highest inter-year fluctuations are observed in countries with low levels of 223 

urbanization and GDP per capita, in most cases this would represent least developed countries. For more highly 224 

developed countries the inter-year fluctuations are negligible, which means that in well-established power systems 225 

climate dependent parameters do not have a high impact on power losses in the system. 226 

2.3. Finite parameter range 227 

The selected parameters for establishing an empiric data based power loss function for T&D grids are: GDP 228 

per capita, Corruption Perception Index, temperature, urbanization level, area of a country and organization of the 229 

grid. Due to the lack of available figures for the various countries, almost no data on the technical organization of 230 

the grid is included. The selected parameters include economic, geographic, climatic and political factors. 231 



In this research it was deemed necessary to include a special parameter which takes the minimum technical 232 

description into account; therefore, a “grid organization” variable was added to the model. Moreover, parameters 233 

driving other parameters were excluded. For example, GDP is transformed to GDP per capita, and number of 234 

people living in urban areas is transformed to the relative parameter, urbanization level. Eventually the influencing 235 

factors describing T&D grid power losses are depicted in Fig. 11. 236 

 237 

Fig. 11. Parameters which affect T&D grid power loss level. 238 

2.4. Calibration and verification 239 

The key challenge is to determine the right combination of the introduced parameters and their 240 

interdependencies affecting T&D grid power loss. As the main quality indicator, the value of the coefficient of 241 

determination (R-squared, R²) was selected. Improvements of the investigated target function were measured for 242 

their impact on the R-squared value. The coefficient of determination shows the total variation in relation to the 243 

mean value, i.e. the maximum value of R² is 1 and the minimum is 0, whereas the closer R² is to 1, the better the 244 

dataset matches the regression. In addition, another important quality factor had been established to track the 245 

number of countries (in percent of total) for which the error had been less than 20%. Tests and visualization helped 246 

to identify which parameters and respective combinations are important to create a function that can represent the 247 

empiric data in the best possible way. 248 

Besides the above mentioned parameters, some ”noise data” was added to the initial dataset  to increase the 249 

training set and to better prepare the formula for various changes in the list of parameters. The aim was to better 250 

ensure that the target function would not only find the best fitting curve for the obtained data, but would face real 251 

changes and return results which would not be inconsistent with the logic of future trends. This added robustness 252 

to the final formula.  253 



The results of these methods and the selected approach are presented and further discussed in the results section 254 

3. Result 255 

Combining the requirements, the approaches and the key influencing factors on T&D grid power loss (PLji) of 256 

an arbitrary country (j) for a given year (i) is described by (2): 257 

𝑃𝐿𝑗𝑖 = 𝑎0 + (𝑏1 ∙ 𝑒𝑑1∙𝐺𝐷𝑃𝑗𝑖 + 𝑏2 ∙ 𝑒𝑑2∙𝐺𝐷𝑃𝑗𝑖)

∙ [𝑎1 + 𝑒𝑑3∙𝐶𝑃𝐼𝑗𝑖 ∙ (𝑎2 + 𝑎3 ∙ 𝐴𝑟𝑒𝑎𝑗) + 𝑎4 ∙ 𝐺𝑟𝑖𝑑𝑗𝑖 + 𝑎5 ∙ 𝐺𝑟𝑖𝑑𝐹𝑎𝑖𝑙𝑗𝑖 + 𝐺𝐷𝑃𝑗𝑖 ∙ 𝐴𝑟𝑒𝑎𝑗

∙ 𝑇𝑜𝐶𝑗𝑖 ∙ (𝑎6 + 𝑎7 ∙ 𝑈𝑟𝑏𝑗𝑖)] + 𝑒𝑑3∙𝐶𝑃𝐼𝑗𝑖

∙ [𝑎8 + 𝑎9 ∙ 𝐺𝐷𝑃𝑗𝑖 + 𝐴𝑟𝑒𝑎𝑗 ∙ (𝑎10 + 𝑎11 ∙ 𝐺𝐷𝑃𝑗𝑖)] 

(2) 

Equation (2) represents the structure of the final T&D grid power loss function. All coefficients and parameters 258 

are described as follows. 259 

3.1. Description of the result formula. 260 

Parameters and coefficients which establish the empirical data based formula are the following, including their 261 

dimensions: 262 

GDPji: GDP per capita in purchasing power parity (PPP) values in units of €/capita; further explained below; 263 

Areaj: land area of a country in units of km²; 264 

Urbji: annual percentage of population at mid-year residing in urban areas in units of %; further explained 265 

below; 266 

CPIji: Corruption Perceptions Index CPI as a function of GDP per capita according to (1) in dimensionless 267 

units; 268 

ToCji: amount of days with temperature more than 20 ⁰C (daily average) annually in units of days (d); 269 

Gridji: parameter representing the organizational level of the grid in the case of countries with power losses 270 

less than 15% in dimensionless units; 271 

GridFailji: parameter representing the organizational level of the grid in the case of countries with power losses 272 

higher than 15% in dimensionless units. 273 

Coefficients: 274 

a0 = 3.6321, 275 

a1 = 0.99350654182, 276 

a2 = 9.5276271680, 277 

a3 = -9.7900659880∙10-5 1/km2, 278 

a4 = -0.30225330350, 279 



a5 = -0.50687956705, 280 

a6 = -9.0994145769∙10-13 1/(€∙km2∙d/capita), 281 

a7 = 2.0422451720∙10-14 1/(€∙km2∙d/capita), 282 

a8 = -128.26282256, 283 

a9 = 2.2503543405∙10-3 1/(€/capita), 284 

a10 = 1.4894050137∙10-3 1/km2, 285 

a11 = -2.7299588274∙10-8 1/(€∙km2/capita), 286 

b1 = 24.38, 287 

b2 = 16.07, 288 

d1 = -7.864∙10-4 1/(€/capita), 289 

d2 = -2.625∙10-5 1/(€/capita), 290 

d3 = -0.217. 291 

3.2. Explanation of numbers 292 

GDPji: GDP per capita, PPP (€, the long-term exchange rate of 1.33 USD/€ is applied) [23]. 293 

Initial years were taken from the World Bank, but further prognosis and development of data are based on the 294 

assumption that all countries will reach a GDP of 88 000 €/capita in the year 2100. This is based on the assumption 295 

that the leading countries in GDP per capita over the past 25 years set the reference of the average growth of 296 

GDP/capita and the other countries converge in a sigmoidal way to the reference in the year 2100. 297 

It can be seen from Fig. 7 that there is almost no change in the loss value as GDP per capita reaches the level 298 

of 40 000 €/capita. Increase of GDP per capita beyond 40 000 €/capita should not affect the T&D grid power loss. 299 

Consequently, a limitation for GDP per capita is 40 000 €/capita. 300 

𝐺𝐷𝑃𝑗𝑖 = 0.5 ∙ 𝐺𝐷𝑃orig 𝑗𝑖 + 2 ∙ 104 − |0.5 ∙ 𝐺𝐷𝑃orig 𝑗𝑖 − 2 ∙ 104|   (3) 301 

In (3) the original GDP per capita (GDPorig, ji) is automatically limited to values which are further used in the 302 

formula. 303 

Areaj: Land area of a country [24]. 304 

For cases of countries with an area larger than 100 000 km², no further impact of the area on power losses was 305 

assumed. Hence, the maximum area was limited to 100 000 km² for all countries with area larger than that. 306 

Moreover, countries of very large area, such as Russia, Canada, Brazil and China, show the characteristic that 307 

only a small part is densely populated, and the rest of the area is more or less depopulated and not electrified. 308 

Thus, a limit of 100 000 km² was set. Input data in the formula should be corrected in this way to operate correctly. 309 



𝐴𝑟𝑒𝑎𝑗𝑖 = 0.5 ∙ 𝐴𝑟𝑒𝑎orig 𝑗𝑖 + 2 ∙ 104 − |0.5 ∙ 𝐴𝑟𝑒𝑎orig 𝑗𝑖 − 2 ∙ 104|   (4) 310 

In (4) the original Area (Areaorig j) is automatically limited to values which are further used in the formula. 311 

Urbji: Annual percentage of population at mid-year residing in urban areas [27]. 312 

CPIji: Corruption Perceptions Index CPI as a function of GDP per capita described in (1) [30]. 313 

ToCji: Amount of days annually with a daily average temperature more than 20 ⁰C (in this research it is taken 314 

as an average value for 3 years, but for better preciseness annual data may be better) [28]. 315 

Temperature with a value more than 20 ⁰C could have an effect on the resistance of cables, so that it has a direct 316 

impact on power losses [31]. However, this factor should be predicted while the grid is planned, so lines will have 317 

certain qualities to minimize the temperature impact. Nevertheless, some countries do not have precise control of 318 

this factor. 319 

The technological status of the grid is represented by two parameters: Gridji and GridFailji. 320 

Gridji: Artificial parameter that shows the organization of the grid and operation effectiveness in the case of 321 

countries for which losses in the initial reference years 2010 to 2013 are less than 15% (as this value is assumed 322 

to be a top limit of the technical power losses [5]). This parameter has been produced by the analysis of two 323 

available datasets: GDP per capita and power loss values. 324 

 325 

Fig. 12. Division of countries with power loss lower than 15% into 4 clusters with their centroids. Power loss 326 

and GDP per capita values are averaged for all countries with an average power loss less than 15% for the years 327 

2010-2013. 328 

Based on GDP and power losses values, countries with T&D grid power loss lower than 15% were allocated 329 

to 4 clusters, (Fig. 12 and Table 1). The amount of clusters was chosen in order to reach the best distinction 330 



between the clusters, according to Euclidean distance to the cluster centroids. For each cluster the GDP and power 331 

loss average values were calculated and the following division was applied: 332 

Table 1. 333 

Cluster division for Gridji. 334 

Name of 

cluster 

Range of GDP/capita 

[k€/capita] 

Average GDP 

[k€/capita] 

Average T&D grid 

power loss [%] 

Cluster 1 0-11 5.8 10.9 

Cluster 2 11-22 15.9 9.3 

Cluster 3 22-33 28.3 5.7 

Cluster 4 33-40 38.4 7.3 

 335 

Assignment of weights according to the cluster average power loss: 336 

2 – power losses are less than the cluster average values of T&D grid power loss for each cluster from Table 1 337 

(There was no direct dependency of power losses on the type of electricity market found, but according to the 338 

research, countries of this cluster usually have deregulated electricity market type and generation is close to 339 

consumption centers.); 340 

1 – power losses are in the limit of 1.0-1.4 of cluster average values of T&D grid power loss for each cluster 341 

from Table 1; 342 

0 – power losses are higher than 1.4 of the cluster average values of T&D grid power loss for each cluster from 343 

Table 1. 344 

GridFailji: Artificial parameter that shows the organization of the grid and operation effectiveness in the case 345 

of countries for which losses are more than 15%. The same approach for the parameter Gridji has been used for 346 

countries with a T&D grid power loss higher than 15%. Each was allocated to 3 different clusters according to 347 

the Euclidean distance. The cluster separation is presented in Fig. 13 and Table 2. 348 



 349 

Fig. 13. Division of countries with power loss higher than 15% into 3 clusters with their centroids. T&D grid 350 

power loss and GDP per capita values are averaged for all countries with an average power loss more than 15% 351 

for the years 2010-2013. 352 

Table 2. 353 

Cluster division for GridFailji. 354 

Name of 

cluster 

Range of GDP/capita 

[k€/capita] 

Average GDP 

[k€/capita] 

Average T&D grid 

power loss [%] 

Cluster 1 0-5 2.1 26.4 

Cluster 2 5-11 8.3 22.0 

Cluster 3 11-22 13.7 17.8 

 355 

Assignment of weights according to the cluster average power loss: 356 

1 – power losses are less than the cluster average values of T&D grid power loss for each cluster from Table 357 

2; 358 

0 – power losses are higher than the cluster average values of T&D grid power loss for each cluster from Table 359 

2. 360 

All countries with power losses higher than 19% (1.25 of maximum technical power loss [5]) are assumed to 361 

have a poor grid organization and the value of the GridFailji parameter is set equal to zero. 362 

These values are used to describe the grid organization for the year 2010. In the future it is very probable that 363 

network infrastructure will be improved [32]. Coming from that assumption, it is assumed that, for the year 2050 364 

grids with less than 15% T&D grid power loss improve linearly according to the following rule: weight of 2 stays 365 



the same, weight of 1 improves to 2, weight of 0 improves to 1. For grids with losses higher than 15%, weight of 366 

1 stays the same, weight of 0 improves to 1. 367 

The parameters Gridji and GridFailji are designed so that technological factors influencing the grid cannot be 368 

omitted. The parameters are flexible enough for this research, but may be determined more on a technological 369 

basis in future research. 370 

3.3. Performance of the formula. 371 

Results for all countries and all data (figures for countries separately, continents and the world, interactive 372 

coloured matrixes) are presented in the Supplementary Material of this article so that results could be easily 373 

reproduced and analysed. 374 

The result diagram for the world is shown in Fig. 14. To get a representative image of T&D grid power losses 375 

in the world, all countries power loss values individually were converted from percent into absolute loss numbers 376 

and then aggregated to derive the worldwide T&D grid power loss value. 377 

 378 

Fig. 14. T&D grid power loss values for the years 2010 to 2013 (red stars) and simulated and projected with 379 

the equation (2) prognosis till the year 2050 (red and blue lines). 380 

It was found, that the power loss value does not depend on the absolute value of electricity demand. Thus T&D 381 

grid power loss function does not require the electricity demand of countries in future years. However, for a 382 

weighting of countries to groups of regions, continents or the world a relation to the electricity demand is required. 383 

Electricity demand data have been developed in three steps: Firstly, the global trend of electricity demand data 384 

from IEA [21], [22] is used. Secondly, trends for all countries separately were created. Thirdly, a weighted average 385 

value of countries from their individual value to the global average of a country of the respective GDP per capita 386 

level had been taken into account. 387 



As it can be seen in the diagram (Fig. 14), total global power loss is decreasing in time. The estimated value in 388 

2050 is around 6.5% of total generated electricity. 389 

3.4. Verification of results 390 

Verification is made by three indicators: R-squared value, histogram of residuals and amount of countries for 391 

which the T&D grid power loss of the official database and the calculated value by (2) differs by less than 20%. 392 

The final numbers, also available in the Supplementary Material, show the following quality: 393 

• R-squared: R2 = 0.93 394 

• Percentage of countries with projection deviation for the years 2010 to 2013 to the real value being less 395 

than 20%: 67% 396 

• The histogram below suggests that the residuals for all countries have a normal distribution. 397 

 398 

Fig. 15. Histogram of residuals for the calculated T&D grid power loss values to the real data for all countries 399 

for the years 2010 to 2013. The ordinate axis represents the frequency of a certain residual and the abscissa axis 400 

is in units of the T&D power loss in absolute values. 401 

The histogram shows the probability of a result error sorted into a certain interval of error values. As is depicted 402 

in the Fig. 15, the distribution is almost symmetrical around the zero of the ordinate axis. However, there is a 403 

slight difference in the shoulders. This could be explained by the variety of values and special countries which are 404 

out of the normal distribution. This graphical representation of the error allows the assumption that the majority 405 

of calculated estimations by (2), look empirically reliable.  406 

R-squared, the calculated amount of countries matching the 20% error and the histogram are three main 407 

indicators, which document a reasonable good quality of the achieved results. 408 

3.5. Example of calculation 409 

Iran can act as an example for the calculation of the T&D grid power loss estimate using (2) for the year 2025. 410 

Initial values for this certain case of Iran in the year 2025 are: 411 



GDPIran 2025: 16512 €/capita; 412 

AreaIran:  1628550 km²; 413 

UrbIran 2025: 77.8 %; 414 

CPIIran 2025: 4.9; 415 

ToCIran 2025: 147.8 d; 416 

GridIran 2025: 0.375; 417 

GridFailIran 2025: 1. 418 

Coefficients a0-a11, b1-b2 and d1-d3 are presented in the section “Description of the result formula”. 419 

All values above are inserted into (2) by applying the parameters of Eq (2) and using Eqs. (3) and (4). After 420 

calculating, the result is found: PLIran 2025 = 12.7 %. 421 

If the same calculation is repeated for the years from 2010 until 2050, the following power loss values 422 

establishing the respective development of Fig. 16 can be created: 423 

 424 

Fig. 16. Estimation of the T&D grid power loss in Iran for the years 2010 to 2050 according to (2) and with 425 

real values for the years 2010 to 2013. 426 

Fig. 16 shows real historical values, taken from statistical documents [20] (red stars *), and the calculated 427 

values obtained by (2) (red and blue lines). 428 

The trend is obviously positive, which means it can be expected that Iran will reduce T&D grid power losses 429 

in the years and decades to come. The power loss can be estimated to be about halved from now to the year 2050. 430 

According to the formula, the T&D grid power loss in 2010 was 15.06%, and it is estimated to be in the year 2050 431 

about 7.37%: 𝛥𝑃𝐿2050/2010 = 𝑃𝐿2050 𝑃𝐿2010⁄ = 7.37% 15.06%⁄ = 0.489. 432 



4. Application and discussions 433 

As has been shown in the Results section for the case of Iran, the power loss function according to (2) provides 434 

values which tend to decrease over time. To discuss the structure of the T&D grid power loss function according 435 

to (2) in more detail, some specific cases are studied in this section. 436 

Modelled power loss estimates for China provide a result that is almost 3.5%abs higher than the one which is 437 

presented in the official data source (Fig. 17). This special case seems to be the combination of two errors which 438 

result in this significant difference. Apart from a possible mistake in projection calculation, the Chinese T&D grid 439 

management could be better than it is estimated based on the global statistical average, in particular since the GDP 440 

per capita in the industrialized eastern parts of China is significantly higher than the country average. This leads 441 

to better grid management at least in the regions of highest electricity demand. 442 

 443 

Fig. 17. Estimation of the T&D grid power loss in China for the years 2010 to 2050 and comparison to the real 444 

historical values for the years 2010 to 2013. 445 

Based on the parameters for calculating the T&D grid power loss estimate, the power loss is 9.38% of electricity 446 

generation. This is characterized by GDP per capita that starts from 7090 €/capita and a CPI initial value of almost 447 

3. However, the organization of grid is assumed to be developed and further improvements are not needed.  448 

The future development is assumed as follows: GDP per capita is expected to rise to its limit of 40 000 €/capita 449 

and CPI continues its growth to a value of 9. As a positive result of  the strong increase in GDP per capita, the 450 

power loss is expected to reach 4.58% in the year 2050, so that the total estimated benefit is 9.38% - 4.58% = 451 

4.8%. In addition, if the counting were according to published values, the real benefit may be approximately 6% 452 

- 4.6% ≈ 1.4%. In the case of China, the real power losses are not that high and lower than what could be expected 453 

due to the achieved level of GDP per capita and the CPI. 454 



The analysis of the T&D grid power loss also depends on the initial loss value. The higher the initial power 455 

loss value, the easier it can be reduced. Small values of losses, for example, 4-6%, are very hard to change or 456 

improve, however values with 20% and more are much more open to reductions and developments. 457 

Another example is well noticeable in the Nordic countries, as shown in Fig. 18 for the countries Finland, 458 

Sweden and Norway. 459 

 460 

Fig. 18. Estimation of T&D grid power loss in Finland, Sweden and Norway for the years 2010 to 2050. Blue 461 

colour represents modelled values and red colour historical ones. 462 

The Nordic countries are characterized by their relatively flat decreasing T&D grid power loss estimate. These 463 

countries are known for a relatively high GDP per capita and very low corruption level. Parameters are presented 464 

in Table 3. 465 

Table 3. 466 

Influencing parameters for Nordic countries. 467 

Name of parameter 

(value of 2010→value of 2050) 

Finland Sweden Norway 

GDP per capita, [k€/capita] 29.6→74.2 32.3→77.6 47.3→72.8 

CPI 7.9→9.1 8.3→9.1 8.9→9.1 

Grid organization, Gridji 2→2 0→1 0→1 

Urbanization level, [%] 83.6→89.1 85.1→90.3 79.1→87.2 

 468 

An analysis of the parameters helps to highlight the most influencing factors for the case of the Nordic 469 

countries. Almost all parameters are close or even equal. The areas of the countries and their temperature 470 



conditions are very similar. As well, CPI, GDP per capita and urbanization level have only very little differences. 471 

In addition, the electricity market structure of these countries is very similar. 472 

The difference in the T&D grid power loss between Finland and the two other Nordic countries might be 473 

explained by different grid cost optimization strategies, since slight variations in cost optimization of the grid 474 

infrastructure could have a major impact on the T&D grid power loss. If cost optimization is focused on capital 475 

expenditures, it could lead to slightly higher T&D grid power losses. The T&D grid optimization in Finland is 476 

focused on the total lifecycle cost, including capital expenditures, operational and maintenance expenditures and 477 

including T&D grid power losses in the long-term [2]. This may lead to lower T&D grid power losses in Finland, 478 

since the grid optimization explicitly includes the power losses.  479 

As the GDP per capita in Finland reaches 40 000 €/capita, the reduction in power losses stops. This happens 480 

for Sweden and Finland in the years 2020 to 2030. For Norway the GDP per capita stops its direct influence 481 

already at the very beginning, in the year 2010. Obviously, Finland has the best performance, leading to an 482 

excellent grid organization parameter. While Sweden and Norway still have some room for improvements. 483 

It is assumed, that losses usually cannot be less than 2% due to specific processes and the equipment, which is 484 

yet impossible to improve up to a zero percent loss in well organized and efficient grids [33]. 485 

Almost opposite to the excellent T&D grid power loss performance in the Nordic countries are countries in 486 

most African countries. For a comparable analysis, countries with similar power loss conditions have been 487 

selected and are presented in Fig. 19. 488 

 489 

Fig. 19. Estimation of T&D grid power loss in Gabon, Ghana and Sudan for the years 2010 to 2050. Blue 490 

colour represents modelled values and red colour historical ones. 491 



These three countries have the same area (according to the area limitation of 100 000 km2 expressed in (4)), 492 

temperature is almost the same, and other parameters are presented below: 493 

Table 4. 494 

Influencing parameters for selected African countries. 495 

Name of parameter 

(value of 2010→value of 2050) 

Gabon Ghana Sudan 

GDP per capita, [k€/capita] 12.3→39.2 2.3→45.6 2.4→25 

CPI 3.9→8.8 2.5→9 2.5→7.1 

Grid organization, GridFailij 0→1 0→1 0→1 

Urbanization level, [%] 85.7→91 50.7→70.5 33.1→49.8 

 496 

The T&D grid loss estimate developments can be explained as follows: While the GDP per capita increases, 497 

the CPI increases as well, and the grid organization parameter has also a tendency to improve by one step.  498 

In Fig. 19 it is shown that the loss development for Gabon is different compared to the two others countries. 499 

Such a characteristic can be explained by two main factors: GDP per capita and urbanization level. Whenever the 500 

urbanization factor is high, the length of distribution networks increases, a steep rise of GDP helps to compensate 501 

for power losses (e.g. Ghana). In the case of Gabon, GDP does not hit the limit of 40 000 €/capita, hence it could 502 

be assumed that a highly urbanized country with not yet very high GDP per capita will decrease its power loss 503 

lower. 504 

It is assumed that with a respective increase of GDP, also investments into electrical grids will rise, and as a 505 

result, technical losses will decrease. However, in this case it is not yet possible to improve the grids to as high a 506 

level as had been possible for the Nordic countries. In general, the grids for the three selected African countries 507 

become significantly more efficient, but not yet to the level achieved in Sweden, Norway and Finland. 508 

A good example of the reason why country area of more than 100 000 km2 does not have an impact on T&D 509 

grid power loss can be studied for the case of Russia (Fig. 20). 510 



 511 

Fig. 20. Estimation of T&D grid power loss in Russia for the year 2010 to 2050 and with real values for the 512 

years 2010 to 2013. 513 

The area of the Russian Federation is about 16.38 million km2. The limitation of the 100 000 km2 area parameter 514 

is valid in this case. The difference in effective area in (2) is obviously enormous, but the approximation line 515 

shows a quite logical future trend.  516 

The decrease in T&D grid power loss is caused by an increase of GDP per capita (from 16.3 k€/capita to 45.6 517 

k€/capita) and CPI (from 4.9 to 8.95). Urbanization is expected to rise from 73.7% to 81.1%, which does not have 518 

a significant influence on the total T&D grid power loss trend line. The grid parameter is not expected to change. 519 

The T&D grid power loss estimates for India show significant improvements in parallel, leading to a steep and 520 

very substantial decline of losses from around 23% to 6% from the year 2010 to 2050 (Fig. 21). 521 

 522 

Fig. 21. Estimation of T&D grid power loss in India for the years 2010 to 2050 and with real values for the 523 

years 2010 to 2013. 524 

Such a rapid decrease can be described by several factors:  525 



• GDP per capita in India is relatively low in 2010, at about 3348 €/capita, and further positive economic 526 

development of the country leads to a value of 36 973 €/capita.  527 

• As a consequence of the higher GDP per capita, the total grid organization will also have a tendency to 528 

improve. It changes by one step. 529 

• At the same time CPI goes up from a score of 2.6 to 8.6, which leads step by step to a reduction of 530 

electricity theft in Indian power systems. 531 

Min and Golden [34] notice, that the political aspect is very important for ”technical” parameters such as power 532 

loss, since they interpret a lack of efficiency to errors in billing systems, questionable legality of user connections 533 

and falsifications in electricity meter operation. In addition, Min and Golden claim that their results suggest that 534 

a part of line losses can be explained by political motivations rather than only by technical and economic factors. 535 

As power losses show the T&D efficiency of the power system, it is one of the main indicators of the 536 

development level of the respective grid infrastructure, i.e. considerable diminution of the power loss value 537 

indicates substantial progress in the structure of a power system in a whole.  538 

It is unlikely to achieve continued economic growth without applying some measures and reforms. The 539 

example of Karnataka, an Indian state, documents the potential of improvements [35]: After power sector reforms, 540 

power losses have decreased from 37.3% in 1999-2000 to 11.5% in 2014-2015, also driven by an increase in 541 

electricity consumption. This clearly confirms that improvements in power sector management are beneficial for 542 

a country. Lowering power losses by applying modernisations in the power system while increasing power supply 543 

leads to substantial benefits. 544 

5. Conclusion 545 

It has been shown in this article that it is feasible to link several major observable features in a way that is 546 

possible to describe T&D grid power loss in a sufficient and highly accuracy manner for all countries globally. 547 

All observable features are parameters which are accessible for countries all over the world, and all of them 548 

showed some trends in the data for the accessible power loss data. Some parameters are indirectly expressed by 549 

other parameters so that it was possible to substitute them, such as the absolute number of the population. 550 

The key influencing factors which are needed to describe T&D grid power loss are GDP per capita, CPI, the 551 

area of a country, the urbanization level, the amount of days with temperature higher than 20 ⁰C and a parameter 552 

representing the organizational level of the grids in a country. The T&D grid power loss function for all countries 553 

globally could be analytically determined on a level of R2 = 0.93 and a very narrow residual error distribution. 554 



However, it should be taken into account that any uncertainty of input parameter projections, such as future GDP 555 

levels and CPI, has a direct impact on the accuracy of the projections. 556 

The T&D grid power loss function can be also used to anticipate the loss development in the years and decades 557 

to come, which is mainly driven by improvements in the factors GDP per capita and CPI, both of which have a 558 

strong impact on the power loss function. However, already highly developed countries can hardly improve their 559 

T&D grid power loss level since they are already very close to the technical limits. 560 

The newly created analytical function enables for the very first time to estimate T&D grid power loss for all 561 

countries globally for the current status and the future development on the basis of only a few easily accessible 562 

parameters for the country. 563 
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