Dynamic Thermal Rating of Power Transformers

Abstract of thesis

This thesis investigates a promising and mature technology: Dynamic Thermal Ratings (DTR) of mineral-oil-filled transformers. In short, DTR represents a thermal limit that varies in time as a function of external (ambient) and internal (winding, oil) temperatures of transformers. Considerations of the transformer's thermal state may allow operating the transformers above their nameplate ratings and thus better utilizing their capacities.

The thesis describes a global context, identifies the incentives appearing worldwide, and explains why transformers were chosen as a research object. Next, the reader may find the state of the art on the thermal performance of power transformers, answering the questions:

 What are the current and temperature limits of the transformer's winding and oil?  Why is it necessary to operate the transformers below these limits?  Which factors may affect the permissible loading of power transformers? Furthermore, the reader may find a review explaining how the vision of the transformer's thermal limits was evaluated from the early 20th century and up to nowadays.

As an output of this discussion, we formulate the main hypothesis stating that transformer capacity is still underutilized per IEC and IEEE loading guides despite recent advances. Therefore, three main tasks were set to enhance the utilization of transformer capacities. First, it was decided to reassess DTR using current and temperature limitations per IEC standard. This implies using the intermittent limit of winding temperature (120 or 140 ℃) instead of its continuous limit (98 or 110 ℃) as done in similar studies. Second, it was decided to investigate how much load can be connected to power transformers if using DTR alone and with flexibilities (on the example of Demand Response). The latter allows modifying the load profile of the transformer and thus optimizing its utilization from the thermal state perspective. Third, it was decided to find a maximal energy transfer through a transformer, i.e. an energy limit. Also, we investigate optimal ageing considering the remaining time of the transformer's operation and the remaining life of winding insulation.

As the main methods, we rely on the thermal modelling of transformers through IEC 60076-7 standard (a difference method), widely used in industry and academia. Also, we use heuristic and optimization techniques from MATLAB to optimize the utilization of transformer capacities. Statistics methods were applied for processing the data and results.

Our main results demonstrate that power transformers may have around 30-35% more capacity (compared to DTR based on continuous temperature limits) if using DTR based on intermittent temperature limits. It was also shown that the reserve capacity of the power transformer has significant headroom for load connections (compared to a business-as-usual approach). Furthermore, a small amount of demand response may boost this headroom even far more. Finally, we introduced a new concept -the energy limit of the power transformer. Moreover, we suggested using the variable optimal ageing limit, depending on the remaining insulation life of the transformer and its expected calendar life.

MATLAB code and the initial data used in this thesis is available in open access on GitHub.
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State of the art, Motivation, Contributions

In less than 15 years, electricity will become the primary energy carrier worldwide. With the increasing share of electricity, electrical networks should face a double load by 2050. Together with the integration of Distributed Energy Resources, this will require three times more annual investments in the future electrical network than is spent nowadays. Furthermore, while electrical demand increases, the ambient temperatures get warmer due to global warming. Thus, it is expected that less current-carrying capabilities of network elements may be available to transfer electrical energy. A detailed overview of this global context is presented in sections 1.1-1.3.

Similar to doubled electrical demand by 2050, distribution networks may need the doubled quantity of transformers. However, these transformer needs were estimated when a load did not exceed their nominal rating. This assumption may be conservative as transformers can often sustain the load above their nameplate rating. This fact leads our discussion to another reason, explaining why transformers were chosen as a research object for this thesis. Specifically, IEC and IEEE standards allow transformers to exceed their design temperatures in normal operation. The safe operation above the transformer's nameplate rating is achieved by Dynamic Thermal Ratings (DTR).

Although IEC/IEEE standards permit operating the transformers above their nominal ratings, DSO usually sets transformers limits more conservatively. Even nowadays, it is usually based on static ratings which are either equal to a nominal rating or a bit higher/less than it. Therefore, a transformer capacity still is not fully used as it can be per industrial standards (based on temperature). As a result, a significant transformer capacity remains hidden, which many publications have already revealed. However, the existing literature on DTR may still have imprecisions in their modelling and thus underestimate permissible loadings of power transformers. Precisely, DTR may be calculated for a continuous (design) temperature as a limit of permissible loadings. However, a continuous temperature is not a temperature limit for normal cyclic loadings per industrial standards. Hence, this thesis estimates permissible loadings for the intermittent temperature as per IEC/IEEE standards. Thus, DTR considers a full transformer capacity.

To better understand DTR of transformers, section 2 introduces the background on their thermal performance and provides state of the art on their thermal limits. Section 2 also explains our assumptions and limitations on the safe loadability of power transformers. Further, section 3 describes our motivation and tasks formulated for this thesis.

Next, section 4 summarizes the contributions of this thesis and relevant publications. The complete list of all publications (also considering nonincluded papers or those done in parallel with the thesis) is provided in section 5. Finally, section 6 gives a thesis outline for better navigating through different chapters.

Introduction of a global context

This section introduces a global context where electric power systems may operate in the middle-term future. It is expected that electric energy will overtake oil and gas and become the main energy carrier in the future world. As a result, it will be necessary to spend 3 times more annual investments on electrical networks than today. At the same time, global warming will cause the ambient temperature to rise further. With increasing electric demand, this will lead to less current-carrying capacity of network components available to transfer power.

Historical transformation: electricity becomes a primary energy carrier

Our world passes through historical events, revealing the fundamental changes in energy systems. For example, in 2014, a coal consumption reached a historical peak, marking the end of its age [1]. Nowadays, we witness the peak of oil production, which was likely in 2019, and according to DNV GL, 1 it will never recover to pre-pandemic levels [1]. DNV GL also estimates that a primary energy supply in the world will reach its maximum in 2032 and global final energy demand in 2034 [1]. However, their predicted peaks will be a few percentages greater than what the modern world supplies and consumes today. This is mainly due to the COVID-19 outbreak spread worldwide in 2020. Figure 1 shows that COVID-19 caused an 8 % drop in final energy demand this year. This drop has long-term effects as forecasts [1] estimate that the energy demand will not recover to pre-pandemic levels (see the dashed line in Figure 1). Although the final energy consumption should continue decreasing after 2034, the global electricity demand, on the opposite, should double: from 24 PWh 3 /year in 2019 to 48 PWh/year in 2050 [2]. These numbers might be even higher: from 26 PWh/year in 2019 to 56 1 DNV GL is company providing the services on testing, certification and technical advisory for the energy industry including renewables, oil and gas, and energy management. Site: https://www.dnv.com/ 2 EJ stands for ExaJoule , and equal to 1.0E+18 Joule 3 PWh stands for PetaWatt Hour and equals to 1.0E+15 Wh PWh/year in 2050 if considering power-to hydrogen as well as a self-consumption from local generators and storage [2]. Figure 2 shows that the electric demand should grow from 20 % of final energy demand in 2019 to 41% in 2050 [2]. If this scenario continues, electricity should become a dominant energy carrier in 2033, leaving oil in second place that year and natural gas in third place (see Figure 3) [2]. 

Rising costs of electrical networks

As electricity becomes a dominant energy carrier, the total energy demand in the world should decrease (see Figure 2) thanks to the efficient use of electric energy. Consequently, the share of energy-system expenditures in GDP is expected to reduce from 5.5% nowadays to 3.1 % in 2050 [3]. Despite these positive effects on the energy industry, accommodating the rising electric demand may become a challenge for the electric power industry. For instance, DNV GL estimates that worldwide annual expenditures into electrical networks will rise from USD 0.49 trillion/year in 2016 to USD 1.5 trillion/year in 2050 [4]. Apart of electric demand, it would also be necessary to spend high costs on the integration of supply and renewables since 2025 [4]. Nevertheless, grid investments related to renewables or supply will be about 2 times less than investments needed to meet the electric demand (see Figure 4) [4]. Hence, the electric demand always remains the primary cause of these grid4 expenditures. For general information, Figure 5 shows grid costs as a function of main network equipment. This figure shows that power lines will require most investments, while substations and transformers require much less. For the last 5 years, about 67% of grid costs have been allocated for the distribution network and around 33% for the transmission network [2], [5]. Likewise, the future distribution network would require the most financial resources (see bottom plot at Figure 6). As most investments are traditionally required for distribution networks, it was decided to focus the scope of this thesis on the distribution network. Our choice of research object in distribution networks was limited to transformers and/or overhead lines/cables. However, the capacity of power lines in TW-km 6 tends to EHV level (see Figure 7), so it is rather relevant for the transmission network. Meanwhile, the annual rate of transformers installations in distribution networks may double by 2050 (Figure 8 below) [4]. As this seemed for us more relevant for distribution networks, we decided to choose transformers rather than power lines for studying in this thesis (other reasons are discussed in section 2). Nowadays, 92 % of transformers are oil-immersed [6]. Among all oil types, mineral oil holds the largest share at 5 DNV GL applies following dimensions to power lines, transformers and substations: LV: power lines with average voltage level of 0.4 kV. Refers to LV/LV transformers MV: power lines with average voltage level of 20 kV. Refers to MV/MV and MV/LV transformers HV: power lines with average voltage level of 130 kV. Refers to HV/HV and HV/MV transformers EHV: power lines with average voltage level of 350 kV. Refers to EHV/EHV and EHV/HV transformers UHV: power lines with average voltage level of 800 kV. Refers to UHV/UHV and UHV/EHV transformers 6 TW-km means a power rating multiplied by a line length. Details on power-distance parameter are in [START_REF] Nve | Computing the power distance parameter Commissioned by NVE THEMA Consulting Group[END_REF] least up to 2030 [START_REF]Transformer Oil Market by Oil Type & Application -2030[END_REF]. Hence, we focus on mineral-oil-immersed transformers only. At the same time, the thesis's results may still be applicable for transformers in transmission networks and even in offshore grids [START_REF] Kazmi | Dynamic Rating based Design and Operation of Offshore Windfarm Export Systems[END_REF]- [12]. This is because engineers in both grids refer to the same transformer loading guides. For instance, IEEE/IEC standard [START_REF]2018 IEC/IEEE International Standard -Power transformers -Part 16: Transformers for wind turbine applications[END_REF] on wind farms transformer addresses the same IEC guidelines [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF], widely used in transmission and distribution networks. Two main factors cause the increasing number of transformers in distribution networks: the intensive electrification of energy demand [4] and the connection of distributed generators and electric vehicles at the LV-MV level [START_REF] Sarker | Co-Optimization of Distribution Transformer Aging and Energy Arbitrage Using Electric Vehicles[END_REF]- [START_REF] Qian | Ageing Evaluation of the Distribution Transformer under Varying Load due to Electric Vehicle Charging[END_REF]. In the Netherlands, for example, the growth of load and new generating facilities may overload 87 % of distribution transformers by 2040 [22]. Around 12 000 distribution transformers in Sacramento, USA may be overloaded and replaced due to EV integration [23]. So far, the installation rate of Distributed Energy Resources (DER) has already overtaken the installation rate of centralized generation in the world [START_REF]Global DER Deployment Forecast Database 4Q[END_REF]. In accordance with [START_REF] Armashova | Assessment of the potential of distributed energy technologies as a compensation for the need for generating capacities until 2035[END_REF], the global market of DER is currently growing by 6-9 % per year. International Energy Agency (IEA) estimates that if such dynamics continue, then already in 2025, the installation rate of DER will be three times higher than the centralized generation [START_REF] Armashova | Assessment of the potential of distributed energy technologies as a compensation for the need for generating capacities until 2035[END_REF]. As a result, transformers may face reverse power flows, leading to their congestions [START_REF] Aladesanmi | Investigation and Assessment of the Impacts of Reverse Power Flow on Power System Network Loading under High Penetration of Wind Energy[END_REF], because of the variable and intermittent output of some DER (Figure 9). According to [START_REF] Cipcigan | Investigation of the reverse power flow requirements of high penetrations of small-scale embedded generation[END_REF], power transformers may thermally withstand a reverse power flow the same way they cope with a power flow in normal directions. However, DER integration may also lead to voltage problems [START_REF] Baetens | Assessing electrical bottlenecks at feeder level for residential net zero-energy buildings by integrated system simulation[END_REF], [START_REF] Oliveira | Optimal plug-in hybrid electric vehicles recharge in distribution power systems[END_REF], but this is out of the scope of this thesis. In particular cases of reverse power flows, transformers may face congestions [START_REF] Cipcigan | Investigation of the reverse power flow requirements of high penetrations of small-scale embedded generation[END_REF], [START_REF] Cigre | Capacity of Distribution Feeders for Hosting Distributed Energy Resources[END_REF], [START_REF] Гуминский | Малая генерация» на предприятии -особенности реализации[END_REF]. For instance, a transformer with OLTC based on the single resistor bridging may transfer the reverse power for only 30 -70 % of the nominal rating [START_REF] Cipcigan | Investigation of the reverse power flow requirements of high penetrations of small-scale embedded generation[END_REF], [START_REF] Cigre | Capacity of Distribution Feeders for Hosting Distributed Energy Resources[END_REF]. Also, in the case of split-winding transformers, DER may cause the power to flow from one LV winding to another LV winding which is forbidden [START_REF] Гуминский | Малая генерация» на предприятии -особенности реализации[END_REF]. As a result, an intensive leakage field may occur in this operating regime of a split-winding transformer, leading to the local overheating of the core and winding's middle part. This may lead to transformer failure, as it seems to have happened with a 110 kV/10 kV/10 kV transformer located at a thermal power plant in Minsk, Belarus [START_REF] Гуминский | Малая генерация» на предприятии -особенности реализации[END_REF].

Excluding these two cases [START_REF] Cipcigan | Investigation of the reverse power flow requirements of high penetrations of small-scale embedded generation[END_REF], [START_REF] Cigre | Capacity of Distribution Feeders for Hosting Distributed Energy Resources[END_REF], [START_REF] Гуминский | Малая генерация» на предприятии -особенности реализации[END_REF], we assume that no special considerations are needed for the thermal performance of transformers. As the electric demand remains the primary driver of network reinforcement (shown in Figure 4), we assume that transformer congestions should be under the normal direction of power flows. As our thesis focuses on the issues of electric demand growth, we do not consider reverse power flows further.

Global warming as a risk for electrical networks

According to recent forecasts [4], electricity should become a primary energy carrier in less than 15 years. As a result, power industries should allocate significant investments (shown earlier in Figure 5) to meet the rising electricity demand. However, recent climate studies state the mean ambient temperature (Tamb) in the world will likely rise to 2.3 ℃7 [1]. The 2.3°C rise does not comply with the Paris agreement, which considered a 2℃ rise (or even 1.5 ℃ rises) by the end of the century as the necessary target to avoid significant and catastrophic changes to our planet. Thus, it seems that more investments are needed to mitigate the 2.3 ℃ rise.

However, if global warming follows its worst scenario, electrical networks may be exposed to serious risks [START_REF] Davison | Climate change risks in electricity networks[END_REF]. Many studies [START_REF] Bartos | Impacts of rising air temperatures on electric transmission ampacity and peak electricity load in the United States[END_REF], [START_REF] Hashmi | Effect of Climate Change on Transformers Loading Conditions in the Future Smart Grid Environment[END_REF], [START_REF] Ena | Climate Change Adaptation Report[END_REF], [START_REF] Klimenko | Vulnerability of the Russian power industry to the climate change[END_REF]- [START_REF] Chandramowli | Impact of climate change on electricity systems and markets -A review of models and forecasts[END_REF] found that the thermal capacities of network components are going to decrease due to global warming. Depending on applied methodology, capacities of electrical network may reduce from 1.5 % and up to 20% [START_REF] Bartos | Impacts of rising air temperatures on electric transmission ampacity and peak electricity load in the United States[END_REF], [START_REF] Chen | Estimating the impacts of climate change on electricity supply infrastructure: A case study of China[END_REF], [START_REF] Sathaye | Estimating risk to California energy infrastructure from projected climate change[END_REF], [START_REF] Burillo | Electricity infrastructure vulnerabilities due to long-term growth and extreme heat from climate change in Los Angeles County[END_REF]. Apart from reduced capacities, warmer temperatures could require unplanned investments to reinforce the electrical network. For instance, the study [START_REF] Fant | Climate change impacts and costs to U.S. electricity transmission and distribution infrastructure[END_REF] found that rising Tamb by the end of the century may increase network investments in the USA up to 25%: from $95 billion per year (without climate change) up to $119 billion per year. This amount seems quite important for one year, especially if reminded that the present value of all existing electricity assets in the USA is estimated at around $800 billion [START_REF] Chandramowli | Impact of climate change on electricity systems and markets -A review of models and forecasts[END_REF].

Apart from economic concerns, many studies [START_REF] Simpson | Global Climate Change Impacts in the United States[END_REF], [START_REF] Lu | Climate change impacts on residential and commercial loads in the Western U.S. grid[END_REF], [START_REF] Voisin | Vulnerability of the US western electric grid to hydro-climatological conditions: How bad can it get?[END_REF] also highlight that climate change may jeopardize the reliability of electric networks. For instance, the increasing number of heat waves8 [START_REF] Ke | Quantifying impacts of heat waves on power grid operation[END_REF] due to climate change may lead to the failures of network components, as this already happened with power transformers in the USA during the summer of 2006 [START_REF] Simpson | Global Climate Change Impacts in the United States[END_REF], 2007 [START_REF] Abi-Samra | Sample Effects of extreme weather on power systems and components, part I: Sample effects on distribution systems[END_REF], 2018 [START_REF] Burillo | Electricity infrastructure vulnerabilities due to long-term growth and extreme heat from climate change in Los Angeles County[END_REF]. Specifically, the heat wave of July 2006 caused more transformer failures [START_REF] Fatima | Comparison of Different References When Assessing PV HC in Distribution Networks[END_REF] than for the rest year of 2006 (440) [START_REF] Abi-Samra | Sample Effects of extreme weather on power systems and components, part I: Sample effects on distribution systems[END_REF]. Another study [START_REF] Burillo | Electric Grid Vulnerabilities to Rising Air Temperatures in Arizona[END_REF] estimates that the frequency of transformers outages may increase by 22-33 for each additional ℃ degree.

As global warming cannot be avoided but only mitigated, electrical networks will inevitably operate in warmer conditions than nowadays. This means that less current-carrying capability of network components will be available for system operators. At the same time, this coincidence with doubling of electric demand. Hence, the electrical network will be under high thermal stress, which requires better utilizing the network capacities [START_REF]CELT4Wind Cable Electrothermal Management for Offshore Wind Farms[END_REF]- [START_REF] Cradden | Adapting overhead lines to climate change: Are dynamic ratings the answer?[END_REF].

Thermal performance of power transformers: state of the art

As discussed in sections 1.1-1.3, electrical networks should face a rising electric demand and ambient temperatures. Therefore, operators may strive to better utilize network capacities and prolong their asset life. This could be especially relevant during the next 5 years for reducing the costs, increasing the reliability, and meeting electric demand [2]. This may be achieved via advanced utilization of network components from an electro-thermal perspective [START_REF]CELT4Wind Cable Electrothermal Management for Offshore Wind Farms[END_REF], [START_REF] Bonnard | Modeling of a wave farm export cable for electro-thermal sizing studies[END_REF]. In general, a better utilization of capacities may encompass many fields: the thermal modelling of network components, setting their thermal limits, controlling and monitoring their electro-thermal parameters (loading, temperature, ageing). As it is a quite large field for the one thesis, it was decided to focus mainly on thermal limits while using the present knowledge on thermal modelling.

Although thermal limits of both lines and transformers deserve thorough investigations, we focus on power transformers because of two reasons. First, the number of the transformers should double in future, as discussed in the previous section (Figure 8). This would require additional financial resources from DSO, especially because transformers are among the most expensive and critical components [START_REF] Setreus | Identifying critical components for system reliability in power transmission systems[END_REF]. Furthermore, the transformer replacements have a long lead time, e.g. it may require 3-12 months to replace a damaged transformer with the new one [START_REF] Setreus | Identifying critical components for system reliability in power transmission systems[END_REF]. Moreover, installed capacities of transformers may be 10 fold higher than the generating capacity of power plants (because of many voltage levels within a power delivery) [START_REF] Micu | Calculation of loading ability of power transformers taking into account electromechanical characteristics[END_REF]. Therefore, we believe that the better utilization of transformer capacities represents relevant and timely subject.

Second, we believe that transformers may still have a hidden capacity that is not utilized due to conservative assumptions. For instance, DNV GL in their estimations on doubled needs in transformers assumed that the transformer should be reinforced if the load exceeds the nominal rating of transformers in N-1 mode [4]. However, this is conservative as loading above the nominal rating can still be managed without damaging the transformers. This leads us to the second reason explaining why transformers have a scientific interest in conducting this research. In contrast to other network components, oil-immersed transformers can exceed their continuous (design) temperatures 9 in normal operation 10 . For instance, Figure 10 shows temperature limits for different network components in normal operation (and emergency). 9 Continuous (design) temperature is a maximal temperature at which it is possible to continuously operate the transformers during the full design life without causing the accelerated ageing. 10 Although it may be allowed [START_REF] Hu | Transient Temperature Calculation and Multi-Parameter Thermal Protection of Overhead Transmission Lines Based on an Equivalent Thermal Network[END_REF] to operate lines above their continuous temperatures in the normal operation, international standards accept it only in emergencies. In normal mode, such standards usually permit operating the lines up to their maximal allowable temperature. In the case of overhead line, this is a temperature minimizing the loss of conductor strength and limiting the sag to maintain adequate electrical clearances along the lines. In the case of cables, this is usually a maximum allowable temperature of XLPE (cross-linked polyethene) or other insulations. In both cases, power lines may operate at these temperatures permanently. Therefore, a maximal allowable temperature applicable to lines represents a continuous temperature (blue line in Figure 10).

The attention should be drawn to the yellow area 11 (at the left), where transformers can operate for a limited time above their design temperature (98 ℃ in Figure 10). However, the modelling of this yellow zone in terms of power limits is not evident. Depending on the effective ambient temperature, a top line of this yellow area may be limited by different factors: a current or a temperature of winding and/or oil. Hence, it is not evident which element may be the most restrictive for a given moment, and thus what power limit should be selected. This problem is discussed in detail and then solved in Chapter II.

The operation above the continuous limits for transformers became possible after a unique discussion among transformer specialists in the 1930-70s [START_REF] Sealey | Overloading of Transformers---Cases Not Covered by the General Rules[END_REF]- [START_REF] Norris | Power transformers-a proposed new standard rating[END_REF]. Based on this discussion, industrial standards approved a short-term operation above continuous temperatures (based on an intermittent temperature limit) for normal cyclic loadings [START_REF] Norris | Loading of power transformers[END_REF]. A similar debate on the possibility to exceed continuous temperatures [START_REF] Pérez-Rúa | Optimum sizing of offshore wind farm export cables[END_REF]- [START_REF] Heggås | Dynamic Rating of Power Cables Based upon Transient Temperature Calculations[END_REF] for power lines is ongoing among cable and line specialists. However, to the best of the author's knowledge, it is not still accepted in industrial standards on overhead lines and cables [START_REF]IEC, 60287-1-1 Electric cables -Calculation of the current rating -Part 1-1: Current rating equations (100 % load factor) and calculation of losses[END_REF]- [START_REF]Standard-738-2012 for Calculating the Current-Temperature Relationship of Bare Overhead Conductors[END_REF]. Hence, this makes transformers the unique network equipment whose continuous temperatures may be exceeded from time to time.

Thermal performance of power transformers: background

From a thermal point of view, the most critical components of a transformer are windings, core, and oil (see a general construction of transformer on Figure 11). While almost all transformer elements can be replaced in case of their damage [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF], it may not be always possible to replace windings and magnetic core as a special firms should be engaged [START_REF] Barnes | The feasibility of replacing or upgrading utility distribution during routine maintenance[END_REF]. This is rather rare event e.g. rewound transformer capacity is less than 2% of all refurbished capacity [START_REF] Barnes | The feasibility of replacing or upgrading utility distribution during routine maintenance[END_REF]. At the same time, all refurbished transformer capacity (including rewound transformers) per year may represent around 1% of in-service transformers capacities [START_REF] Barnes | The feasibility of replacing or upgrading utility distribution during routine maintenance[END_REF]. On the other hand, the oil may be treated and even totally renewed during the lifetime of a transformer [START_REF] Simonson | Transformer ratings and transformer life[END_REF].

Suppose that the appropriate maintenance of transformers is timely conducted. In that case, engineers can control most vital transformer parameters except a degree of polymerization and a short-circuit impedance [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF]. The degree of polymerization has an essential impact on the thermal performance of transformers. Thus, it is discussed in section 2.1.2 in more detail. Meanwhile, a short circuit impedance affects a voltage drop in transformers and an amplitude of short-circuit currents. Thus, it has an implicit impact on the thermal performance of transformers in normal operation 12 . Hence, we do not discuss the impedance further, albeit some considerations on voltage and frequency should be recognized (see section 4.2 in IEEE standard [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF])

Once a transformer is in operation, it is widespread [69], [START_REF] Mamizadeh | Evaluation of Permissible Loading for Indoor Oil-Immersed Distribution Transformers[END_REF], [START_REF] Raymond | Power transformer thermal ratings-an overview[END_REF]- [START_REF] Savaghebi | A new approach for transformer loading capability assessment under non-linear load currents[END_REF], [71]- [START_REF] Sen | Transformer Overloading and Assessment of Loss-of-Life for Liquid-Filled Transformerss[END_REF] to monitor the temperatures of windings and oil. Specific temperature limits are also set for the magnetic core 13 and other metallic parts of the transformer in contact with oil, aramid paper, glass fibre materials. However, loading guides, albeit imposing these restrictions, do not provide models to calculate these temperatures. This is probably why many scientists [69], [START_REF] Mamizadeh | Evaluation of Permissible Loading for Indoor Oil-Immersed Distribution Transformers[END_REF], [START_REF] Raymond | Power transformer thermal ratings-an overview[END_REF]- [START_REF] Savaghebi | A new approach for transformer loading capability assessment under non-linear load currents[END_REF],

[71]- [START_REF] Sen | Transformer Overloading and Assessment of Loss-of-Life for Liquid-Filled Transformerss[END_REF], except few studies [77], do not consider these components in their research while calculating the thermal state of the transformer. Nevertheless, it is possible to consider these limitations by using sophisticated methods of thermal modelling as the computational fluid dynamics (CFD) or finite element method (FEM) or other models [77], [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF]- [START_REF] Cigre | Transformer Thermal Modelling[END_REF]. To better understand temperature limitations, it is necessary to discuss an immediate and cumulative damage for transformers.

Immediate damage of power transformers

The immediate damage represents a situation when some process may instantly jeopardize the transformer after exceeding particular temperatures. The most common example of such a process is the formation of gas bubbles at the interface between windings and oil [START_REF] Cigre | A survey of facts and opinions on the maximum safe operating temperature of power transformers under emergency conditions[END_REF]. The gas bubbles, usually represented by water vapour or nitrogen, typically occur if the winding temperature exceeds 140 ℃. Initially developed in the areas with low electrical stress, some gas bubbles move to the areas of high electrical stress, i.e. windings and leads [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. Once arrived in the area of high electrical stress or being directly generated there, gas bubbles may reduce the dielectric strength 14 of the transformer. This happens because the dielectric strength of gas bubbles is much lower than those of oil or winding insulations. With reduced dielectric strength, the oil or winding insulation does not fully accomplish their insulating 12 Equal impedances of two transformers working in parallel is a necessary condition among others to avoid circulating currents (which do not supply loads but heat up the transformers) [START_REF] Gourisetti | A review of transformer aging and control strategies[END_REF]. However, investigating the transformer operation in such abnormal mode remains out of focus of this thesis as such operation should be avoided at the design stage. 13 Usually, the core does not impose any problem as long as voltages remain below limits stated in IEC 60076-1, Clause 4. In this case, no over excitation of magnetic core occurs and therefore no overheating happens. As an example, the study [START_REF] Nuijten | Load capability of transformers: 'Experiences within an actual grid situation[END_REF] shows that a limit of core flux (1.9 Tesla) was never reached at load 1.2 pu. However, stray losses cannot be negligible anymore in case of abnormal situations as unbalanced voltage supply (due to increased leakage flux). As a result, it may be necessary to reduce a transformer load for 4-9 % [START_REF] Mikha-Beyranvand | Thermal analysis of power transformers under unbalanced supply voltage[END_REF]. 14 Dielectric strength is a maximal electric field that the insulation or oil can withstand while keeping its insulating properties.

function. This may cause a flashover, leading to an immediate internal fault [92]. That is why it is necessary to limit a windings temperature to avoid such instantaneous faults.

Note that the bubble inception temperature of windings (140 ℃) may not be universal [START_REF] Cigre | A survey of facts and opinions on the maximum safe operating temperature of power transformers under emergency conditions[END_REF], [START_REF] Gao | Study on bubble evolution in oil-paper insulation during dynamic rating in power transformers[END_REF], [START_REF] Hill | Analysing the power transformer temperature limitation for avoidance of bubble formation[END_REF]. It depends on other factors, such as moisture content in the paper-oil system (see details [START_REF] Hill | Analysing the power transformer temperature limitation for avoidance of bubble formation[END_REF]). For instance, the bubble inception temperature of 140 ℃ usually corresponds to 2% moisture content, typical for new transformers, whereas 120 ℃ corresponds to 5 % for old ones. However, there was evidence [START_REF] Nordman | Thermal overload tests on a 400-MVA power transformer with a special 2.5-p.u. Short time loading capability[END_REF] that gas bubbles may appear even at 100 ℃ and 3.1% of water content in the insulation. In general, free-breathing transformers increase their moisture content by 0.1 % each year. Therefore, 3 % moisture content may be expected in such transformers after 30 years in service [START_REF] Koch | Mositure ingress in free breathing transformers[END_REF]. Nowadays, IEC and IEEE standard [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] suggest 120 ℃15 as a winding's temperature limit for normal cyclic loadings, whereas 140 ℃ is recommended for emergencies. Apart from well-known temperature limits, other restrictions may be applied to avoid a bubble formation: rate of winding temperature change (2 °C/min), internal/external pressures ratios, etc. [98].

Similar temperature restrictions on ultimate temperature exist for oil. If the oil temperature increases very high, it may reach a flashpoint (130…150 ℃ [START_REF] Быстрицкий | Кудрин, Выбор и эксплуатация силовых трансформаторов[END_REF]). Beyond these temperatures, the oil may inflame due to hydrocarbons and eventually damage a transformer. Under local heating, the oil may decompose, which may significantly reduce the flashpoint temperature.

Besides, once the oil becomes hot, it starts expanding inside the tank, which may cause mechanical damage 16 to the transformer [START_REF] Girgis | Effects of GIC on power transformers and power systems[END_REF]. The expanded oil may also increase the internal pressure inside bushings which may blow out gaskets or result in their leakage [START_REF] Fletcher | Dynamic Loading of transmission equipment. An overivew[END_REF], [START_REF] Lahoti | Evaluation of Transformer Loading Above Nameplate Rating[END_REF]. To avoid such adverse effects, the oil temperature should not exceed 105 ℃, also known as a maximum continuous operating temperature [START_REF] Bentham | A better life with a healthy planet. Pathways to net-zero emissions[END_REF], [START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF]. New oils, whose flashpoint exceeds 145 ℃, may reach 115 ℃. In general, a 30℃ margin (below the flashpoint temperature) is usually kept to allow the emergency load to be higher than the forecasted load [START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF]. However, some standards recommend limiting oil temperature even far down to 95 ℃, and some article mentions 80 ℃ [START_REF] Lei | Load Transfer Optimization Considering Hot-spot and Top-oil Temperature Limits of Transformers[END_REF]. Usually, oil temperature corresponds to the winding insulation class [START_REF] Abu-Siada | Power Transformer Condition Monitoring and Diagnosis[END_REF]. Depending on the class, winding insulation should not exceed 95 ℃ or 105 ℃. That is why the same limit is also set for the hottest oil, usually located at the top of the transformer tank.

As windings and oil may have different temperature limits (e.g. 120 ℃ for winding's hot spot and 105 ℃ for top oil), it may be non-evident which power limit corresponds to them. Moreover, this may be less obvious as each temperature limit could be more or less restrictive under various ambient temperature conditions. Thus, this thesis studies the interdependency between the permissible loading of transformers and their temperature limits. A detailed discussion on this topic is presented in Chapter II.

Cumulative effects leading to damage of power transformers

In contrast to immediate damage, cumulative damage happens when some processes degrade the insulation integrity over time. For example, even if the transformer never exceeded temperature limits, it may still face a failure within a few years after commissioning. The most common example of cumulative damage is a degradation of winding insulation under the effects of temperatures, moisture, oxidation, and acids. The mechanisms of cumulative insulation ageing are well known and described in the literature [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF], [START_REF] Van Harte | Case Study -Permissible loading of transformers and Thermal limits for Oil and Winding temperature[END_REF], [START_REF] Shroff | A review of paper aging in power transformers[END_REF]. Hence, in the following paragraphs, we provide only a general overview of these mechanisms.

In general, three mechanisms govern the degradation of winding insulation: hydrolysis (water), oxidation (oxygen), and pyrolysis (heat) [START_REF] Van Harte | Case Study -Permissible loading of transformers and Thermal limits for Oil and Winding temperature[END_REF]. It is considered that the oxidation process dominates at a lower temperature [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. Oxygen firstly appears in the transformer from air ingress and after some time turns into water. As transformer insulation paper is more hygroscopic than oil, the substantial water/moisture will migrate from the oil into the insulation [START_REF] Martin | A review of the techniques used by utilities to measure the water content of transformer insulation paper[END_REF], [98]. In general, it is believed that the insulation contains around 95% of all moisture [START_REF] Pbsi | Transformer refurbishment -why and what?[END_REF]. As a result, the insulation paper will undergo the hydrolysis process. Hydrolysis represents a chemical reaction of breaking the cellulose down due to contact with water. The hydrolysis effects may be mitigated if the transformer is sealed or dehydrating measures are in place. However, the oil degradation may increase the content of acids, which act as a catalyst for hydrolysis. Thus, hydrolysis may auto accelerate as both water and acids are products of cellulose ageing. Pyrolysis is a process that can occur even without water and/or oxygen. At normal operating or overload temperatures (i.e., < 140 °C), it is assumed that pyrolysis has no significant effects.

In practice, all these processes -hydrolysis, oxidation, and pyrolysis -act simultaneously in a transformer. This makes it challenging to use a single model, which should fully describe the process of paper degradation [START_REF] Cigre | Ageing of cellulose in mineral-oil insulated transformers[END_REF]. In fact, the winding temperature, a content of water, oxygen, and acid predetermine which ageing mechanism should dominate. However, many transformers are equipped with oil preservation systems. With appropriate maintenance and monitoring programs, they allow minimizing the effects of moisture and oxidation. For instance, it is believed [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF] that in the presence of oil preservation systems and maintenance programs, the degradation of winding insulation depends for 98-99% on current and the initial degree of polymerization (discussed in 2.1.3) and only for 1-2 % on other factors. Thus, the winding temperature is often assumed a unique operating variable causing the thermal degradation of insulation [START_REF] Mcnutt | Insulation thermal life considerations for transformer loading guides[END_REF]. However, other factors may be seen as a catalyst, and therefore they should also be considered in particular situations [START_REF] Cigre | Ageing of cellulose in mineral-oil insulated transformers[END_REF].

As the winding temperature is assumed a single operating variable affecting the insulation ageing, one should understand how they are linked. First, it is necessary to introduce the background on the material from which the insulation is fabricated. The winding insulation is generally produced from unbleached softwood pulp using the sulfate process [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. This sulfating process is also known as a Kraft process. That is why the paper of winding insulation took its name -Kraft paper.

Kraft paper is also known as a non-thermally-upgraded paper [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. This means that Kraft paper can continuously withstand 98 ℃ without jeopardizing the designed life of paper corresponding to 105 class (or Class A -usually used for oil-filled transformers). Note that 98 ℃ corresponds to the hottest spot of winding insulation. Although first indicators of winding temperature have been in service since 1918 [START_REF] Montsinger | Loading Transformers By Temperature[END_REF], it was challenging to measure the accurate hot spot temperature until the optical sensing was implemented in early 1980 [START_REF] Jiang | Optical Sensing in Power Transformers[END_REF], [START_REF] Nordman | Thermal overload tests on a 400-MVA power transformer with a special 2.5-p.u. Short time loading capability[END_REF]. However, engineers could measure the average winding temperature in the past by evaluating a change in resistance above some reference temperature [START_REF] Bayliss | Power Transformers[END_REF]. After conducting tests with naturally cooled transformers, scientists found that their hot spot temperature was typically 13 K 17 higher than the average winding temperature [START_REF] Bayliss | Power Transformers[END_REF]. Hence, it is possible to calculate the hot spot temperature empirically if knowing the average temperature of windings:

Hot spot temperature = Tamb+ average winding temperature rise + 13 K (1) 98 ℃ = 20 ℃ + 65 ℃ + 13

(2) IEC-rated transformers assume that a mean Tamb is 20 ℃, and the average winding temperature rise should be 65 K according to IEC 60076-2. As a Kraft paper is considered nonthermally upgraded, improved paper types exist, called thermally upgraded paper (TUP). In contrast to Kraft paper, TUP may withstand higher temperatures -110 ℃. Such better properties of TUP are achieved, e.g. by adding nitrogen-based compounds in the content of 1% to 4% or by other techniques [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. As a result, such processing stabilises chemical bonds which otherwise would be broken under exposure to a high temperature [START_REF] Grady | Overloading power transformers-a user's views[END_REF] (see details on glycosidic rings in the next section). This also prevents the production of acids from hydrolysis during the transformer's lifespan, among others.

Although both types of paper can be found worldwide, Kraft paper is more used in Europe. In contrast, TUP has been more often utilized in North America since 1980 th [START_REF] Cigre | Ageing of cellulose in mineral-oil insulated transformers[END_REF]. European transformers are designed per IEC standards [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. In contrast, North American ones are designed with IEEE, ANSI, NEMA [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]. In North America, transformer specialists calculate the continuous temperature of 110 ℃ differently. Specialists use 30 ℃ as a reference Tamb, 65 K 18 as hottest average winding temperature rise, and 15 K as a hot spot difference:

Hot spot temperature = Tamb+ average winding temperature rise + 15 K

(3) 110 ℃ = 30 ℃ + 65 ℃ + 15 (4) Note that 98 ℃ and 110 ℃ are assumed when the insulation paper is used with mineral oil. However, using the same papers but in combination with another oil, e.g. ester, may allow the transformers to operate at higher admissible winding temperatures [START_REF] Das | Is Transformer kVA Derating Always Required Under Harmonics? A Manufacturer's Perspective[END_REF]. For instance, the combination of Kraft paper and ester oil increases the design HST to 110 ℃ (while using 98 ℃ for mineral oil) [START_REF] Das | Is Transformer kVA Derating Always Required Under Harmonics? A Manufacturer's Perspective[END_REF]. Likewise, if the ester oil is combined with TUP, the design HST may increase up to 130℃ (while it is 110 ℃ for mineral oil) [START_REF] Das | Is Transformer kVA Derating Always Required Under Harmonics? A Manufacturer's Perspective[END_REF]. This thesis focuses on mineraloil-immersed transformers only as the latter still represent most transformers in electrical networks. However, ester-based oils may replace mineral oil in the future due to their advantages [START_REF] Zimmerman | Consideration of Ester-Based Oils as Replacements for Transformer Mineral Oil Portland General Electric[END_REF]- [START_REF] Vakhnina | The Method for Assessing the Permissible Overload Capacity of Power Transformers during High Geomagnetic Activity[END_REF].

IEC criteria for evaluating the end of transformer life

It was often demonstrated that the transformer insulation does not deteriorate electrically until it looses its mechanical strength [START_REF] Montsinger | Loading Transformers By Temperature[END_REF]. Furthermore, the dielectric strength may even increase until the insulation cracks [START_REF] Montsinger | Loading Transformers By Temperature[END_REF]. Consequently, the mechanical strength remains the 17 IEC 60076-7:2005 (page 47) states that units of K are traditionally used for temperature differences (i.e. rises) and ℃ are for temperatures. In the text, such convention helps to easier undersand either given number represents a temperature rise (K) or absolute temperature (℃). 18 In USA, transformers with 55 K average winding rise were replaced as a standard suggesting in early 1960s. In 1977 the transformers with unique 65 K average winding temperature rise became the industry standard [START_REF] Sen | Overloading and loss-of-life assessment guidelines of oil-cooled transformers[END_REF].

unique parameter for evaluating the insulation integrity. The most important criterion of the mechanical strength is the tensile strength of the paper, which describes how the insulation may resist shear stresses from short-circuits [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF].

However, the problem of using a tensile strength in practice is that, engineers cannot directly measure it due to paper's folded geometry [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. Therefore, specialists use a chemical parameter -a degree of polymerization (DP), which allows them to evaluate a tensile strength implicitly [START_REF] Pradhan | On the Estimation of Elapsed Life of Oil-Immersed Power Transformers[END_REF]. Chemical parameter DP has a physical meaning: a number of glycosidic rings in cellulose macromolecule (see Figure 12). As the mechanical strength of cellulose depends on the length and condition of such fibres, DP is considered an appropriate measure of the remained functionality of insulation material [START_REF] Mcnutt | Insulation thermal life considerations for transformer loading guides[END_REF]. The mean number of glycosidic rings in unbleached soft wood is typically between 1100 and 1400 before any processing was applied. When the transformer is dried, DP in unbleached soft wood reduces to 1000-1200 [START_REF] Cigre | Ageing of cellulose in mineral-oil insulated transformers[END_REF] depending on the technique. While the transformer is in service, the paper exposure to temperatures breaks these rings. Once rings are broken, this becomes irreversible. Therefore, paper ageing is also considered an irreversible process. As the number of such rings reduces over time, the paper loses its tensile strength. The correlation between DP and tensile strength is shown in Figure 13. Once DP reaches 200 (35 % retained tensile strength), specialists assume that the mechanical strength is insufficient to resist short-circuits. Therefore, this is considered as the end of insulation life. However, even with such low DP, a transformer may operate for weeks and even years until the next short-circuit occurs and jeopardizes the insulation integrity [START_REF] Norris | Loading of power transformers[END_REF]. Note that the insulation life and transformer life are usually seen as synonyms. However, the scientific community still discusses other criteria for the end of life [START_REF] Islam | A review of condition monitoring techniques and diagnostic tests for lifetime estimation of power transformers[END_REF], [START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF].

To consider the insulation ageing in this thesis, it was decided to use IEC and IEEE industrial standards [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] and consequently their assumptions and limitations. In these industrial standards, transformer life is equal to a life of windings insulation. Therefore, insulation ageing is usually considered as a function of temperature only. As discussed earlier, this may be justified if oil preservation systems and appropriate maintenance and monitoring procedures are in place. Note that windings are not uniformly heated. Hence, the most significant deterioration of the insulation paper will be at the hottest spot of the windings. Thus, a temperature at the hottest spot of windings should be used to evaluate a relative ageing rate. Equations ( 5)-( 6) are corresponding formulas for the relative ageing rate for Kraft and TUP paper. Equation ( 5) is obtained empirically by Monstsinger based on a heat test with varnished cambric tape insulation placed inside a series of oil-filled test tubes [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]. These tests were conducted in the 1920s (but reported in 1930), and their results are used in European standards [START_REF] Resende | The transformer thermal loss of life: Part 1improved deterministic approach for thermal and ageing models[END_REF]. The equation ( 6) represents the Dakin-Arrhenius model based on the chemical law of thermal degradation. In 1948 Dakin demonstrated that Arrhenius' chemical reaction rate theory could be applied to estimate the insulation ageing (it was shown that Monstsinger's results also fit this theory). Nowadays, the Dakin-Arrhenius model is widely accepted among transformer specialists [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]. The reader may refer to Annex I in [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], presenting the review on the vision of insulation life from a historical perspective.
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V is a parameter relative to rated conditions at a given time moment. However, it does not represent the cumulative effect yet. Cumulative impacts can be considered by loss of insulation life over a certain period (LoL):
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Where is a relative ageing rate during the time n per (5)- (6); is a hot spot temperature of the windings; is a n th time interval; is the number of each time interval; is a total number of intervals during the studied period NB: the length of the longest time step should be at least 2 times less than a time constant of transformer windings (4-10 minutes) to obtain an accurate computation with IEC 60076-7.

Current and temperature limitations from IEC 60076-7

To avoid both immediate and cumulative damage, IEC / IEEE standards [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] determined current and temperature (C&T) limits, ensuring the safe operation of oil-immersed transformers. Table 1 shows C&T and ageing limits for distribution (up to 2.5 MVA) and medium power transformers (up to 100 MVA). For large power transformers (> 100 MVA), IEC standards prescribe stricter C&T limits.

In contrast to small and medium power transformers, large power transformers are more vulnerable to loadings above their nominal ratings [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. This vulnerability is a consequence of factors inherited for large transformers: the increased leakage flux density and short-circuit forces, the greater mass of insulation, which should withstand high electric stress, as well as a more difficult determination of hot-spot temperatures [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. Besides, large power transformers have severe consequences if they fail 19 [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. As the distribution network usually consists of transformers whose nominal rating is less than 100 MVA, then large power transformers are not initially considered in this thesis. Nevertheless, we believe that thesis results may also be relevant for large transformers but subject to verifications on their thermal modelling and C&T limits. These C&T limits are not intended to be valid simultaneously. For example, the current may be limited to a lower value to meet a requirement of temperature limitations. Conversely, the temperature may be limited to a lower value than that shown in Table 1 to meet the current limitation requirement.

Although IEC and IEEE standards tables usually do not present LoL values, LoL remains hidden inside loading type's definitions. For example, the IEC standard defines normal cyclic loadings (also known as a normal life expectancy loading in the USA) as loadings when "higher ambient temperature or a higher-than-rated load current is applied during part of the cycle. However, from the point of view of relative thermal ageing rate, this loading is equivalent to the rated load at normal ambient temperature" [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF].

In other words, LoL for normal cyclic loadings by its definition must not exceed 1 pu. At the same time, the IEC standard states that long-term emergency loadings may persist for weeks or even months and thus can lead to considerable ageing. Therefore, LoL under such emergencies may exceed 1 pu. No LoL limits are applied for short-term emergencies due to their temporal durations, but C&T limitations must be met to avoid imminent damage. IEEE standards [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF] also distinguish a planned loading above nameplate rating. For such loading type, winding and oil temperatures can rise to 130 ℃ and 110 ℃ correspondingly. This makes "planned loading above nameplate rating" from IEEE something intermediate between IEC normal cyclic and IEC long-term emergency loadings.

Note that the associated equipment such as circuit breakers, current transformers, and other branch elements can lower the current limit further than in Table 1. In addition, auxiliary equipment such as bushings [START_REF] Akbari | Transformer Bushing Thermal Model for Calculation of Hot-Spot Temperature Considering Oil Flow Dynamics[END_REF], tap-changing devices, cable-end connections, and leads may also restrict a current limit [START_REF] Fletcher | Dynamic Loading of transmission equipment. An overivew[END_REF], [START_REF] Lahoti | Evaluation of Transformer Loading Above Nameplate Rating[END_REF], [START_REF] Rashid | Short-time Overloading of Power Transformers[END_REF], [START_REF] Wang | Load Capacity Evaluation of Power Transformer via Temperature Rise Characteristics[END_REF]. For example, an analysis of the permissible loading of 48 power transformers conducted in the United States [START_REF] Pasricha | A method of improving transformer overloading beyond nameplate rating[END_REF] showed that in 60% of cases, the permissible loading of the transformer was limited by the rating of OLTC or bushings. In this study, OLTC or bushing ratings are at least 99.97% of the rated power and up to 215%. Another source [START_REF] Van Harte | Case Study -Permissible loading of transformers and Thermal limits for Oil and Winding temperature[END_REF] indicates that the OLTC rating of old transformers was about 1.2 pu of nominal rating, whereas new designs have 1.5 pu. In accordance with [START_REF] Simonson | Transformer ratings and transformer life[END_REF], however, OLTC is typically tested to withstand the loading 200% above the nameplate rating. Still, in actual operation, transformer loadings may be limited to lower values.

At the same time, the study [START_REF] Wong | Substation power-transformer-loading analysis and computer simulations of loadability under realistic operating conditions[END_REF] showed that under realistic operating conditions in Canada, loading limits of oil-immersed transformers in Ontario could be increased up 1.8-1.9 pu without jeopardizing the normal life expectancy or supply reliability. Transformer loadings 1.8 pu and 1.9 pu may already seem significant, but the degree of this significance may depend on the design issues and application context. For instance, the particular design of a large transformer may withstand a short-term overloading of 2.5 pu [START_REF] Nordman | Thermal overload tests on a 400-MVA power transformer with a special 2.5-p.u. Short time loading capability[END_REF]. On the other hand, in railway systems, the locomotive transformer may be overloaded even up to 3 pu [START_REF] Dianchun | Thermal aging behavior of the oil-impregnated paper at 160°C[END_REF]. Hence, the final value of the current limit of transformers may be drastically different in various situations.

Factors affecting the permissible loadings of transformer

Many factors may affect permissible transformer loadings, and therefore they should be shortly discussed for general understanding.

Air temperature [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF], [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF] around the transformer is a main environmental factor that affects its capacity. The air temperature and ambient temperature are usually used as synonyms for most transformers in electrical networks. Note, however, that the ambient temperature may also correspond to the other ambient environment. For instance, in the offshore industry, some transformers are installed undersea where the ambient temperature is the temperature of the seawater [START_REF] Abb | Power below the waves[END_REF], [START_REF] Baudoin | Thermal rating of a submerged substation for wave power[END_REF]. Moreover, onshore transformers having a water-cooling system should also consider a water temperature as an ambient temperature.

Suppose the transformer is placed above the design altitude (i.e., 1000 m above the sea). In that case, this may reduce the efficiency of its cooling systems and thus decrease the permissible load [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]. This happens because, with altitude, the solar irradiation increases and the air density decreases [START_REF] Conway | Loading of Substation Electrical Equipment with Emphasis on Thermal Capability Part I-Principles[END_REF]. As the air becomes less dense, it reduces heat removal from the transformer leading to higher winding temperatures. There are also some nuances if transformers are located in closed rooms, manholes, vaults or if transformers are used with deadening walls [START_REF] Sandraz | Validated transient heat-transfer model for underground transformer in rectangular vault[END_REF]- [START_REF] Gouvea | Thermal simulation for distribution transformers in underground vaults[END_REF]. The heat removal from such transformers is less efficient due to the constrained ventilation [START_REF] Degefa | Dynamic Thermal Modeling of MV/LV Prefabricated Substations[END_REF] and accumulative heat effects [START_REF] Zhou | Thermodynamic modelling of buried transformer substations for dynamic loading capability assessment considering underground heat accumulative effect[END_REF]. Thus, the permissible transformer loading for enclosed spaces must be derated per the effective air temperature.

As mentioned in previous paragraphs, the cooling system determines the heat dissipation efficiency from the transformer and thus the permissible load [START_REF] Paulhiac | Dynamic Thermal Model for Oil Directed Air Forced Power Transformers with Cooling Stage Representation[END_REF]. For example, suppose OFAF or OFWF cooling system is operable between 33 % and 100 %. In that case, the permissible transformer load may vary between 50 % and 100 % of the rated power [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]. At the same time, additional external cooling, such as water spray 20 or ice cubes, may enhance the cooling performance of the transformer [START_REF] Radakovic | Loading of transformers in conditions of controlled cooling system[END_REF].

Mechanical impurities in oil: dust, fibres, products of materials used in the transformer (a paint, a varnish), carbonized particles (products of overheated locations, such as carbon) can contaminate the oil in the form of sludge or suspended substances [START_REF] Быстрицкий | Кудрин, Выбор и эксплуатация силовых трансформаторов[END_REF]. Sludge depositions on insulation deteriorate its dielectric properties and reduce heat transfer, leading to accelerated ageing. Oil oxidation may produce acids and alkalis, which can also cause sludge and metal corrosion, leading again to accelerated wear of the insulation. The cooling system's performance may also be affected by contamination of the radiator's tubes and clogging of the oil filters [141], [START_REF] Paulhiac | Dynamic Thermal Model for Oil Directed Air Forced Power Transformers with Cooling Stage Representation[END_REF]. Due to the fouling of coolers, the thermal characteristics of the transformer may vary [START_REF] Paulhiac | Dynamic Thermal Model for Oil Directed Air Forced Power Transformers with Cooling Stage Representation[END_REF]. This may eventually reduce its permissible loadings.

In addition, mechanical impurities having good conductivity as carbon can overlap the insulated elements and reduce the electrical strength of the oil. Internal damages of the transformer as ingress of foreign objects in the channel may increase transient resistance of contacts. Swelling of insulation may reduce a channel cross-section and eventually cause the abnormal heating of oil and metal structures [141]. If abnormal heating of oil (not related to current) is detected, the transformer must be taken out of service [141] Besides, cold air may make oil viscose [START_REF] Langhame | Effect of oil viscosity on transformer loading capability at ambient temperatures below 0 °C[END_REF]. As the oil becomes more viscose, it starts circulating slowly in the tank and radiators, which may damage oil pumps and OLTC [START_REF] Быстрицкий | Кудрин, Выбор и эксплуатация силовых трансформаторов[END_REF]. Moreover, the slower oil circulation decreases the heat dissipation from transformer windings, leading to their higher temperatures [143]. To avoid such negative consequences, it is necessary to gradually increase the transformer load to warm up the oil. As oil becomes warmer, it restores the normal flow and its cooling capabilities. This is called a cold start of the transformer 21 . However, the cold start can impose temporary restrictions on the permissible transformer load. Hence, it should be considered for transformer overloading at low ambient temperatures [START_REF] Aubin | Effect of oil viscosity on transformer loading capability at low ambient temperatures[END_REF].

Some studies also consider the impact of wind speed and its direction [145]- [START_REF] Arifianto | Investigation of Transformer Top-Oil Temperature Considering External Factors[END_REF] precipitations [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], solar irradiation [START_REF] Wang | Load Capacity Evaluation of Power Transformer via Temperature Rise Characteristics[END_REF], [START_REF] Doolgindachbaporn | A Top-Oil Thermal Model for Power Transformers that Considers Weather Factors[END_REF], [START_REF] Benko | Loading of Substation Electrical Equipment with Emphasis on Thermal Capability Part II-Application[END_REF]- [START_REF] Gorgan | Influence of Solar Irradiation on Power Transformer Thermal Balance[END_REF] especially in the tropical area [START_REF] Schlabbach | Improvement of permissible loading of transformers[END_REF], [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF]. Besides, solar radiation also impacts the paint colour of the transformer tank [START_REF] Alegi | Real-time thermal model for an oil-immersed, forced-air cooled transformer[END_REF]. Specifically, the radiative properties of the paint may affect how fast the transformer may absorb the solar energy and emit the heat losses to the atmosphere [START_REF] Alegi | Real-time thermal model for an oil-immersed, forced-air cooled transformer[END_REF]. However, the IEC standard states that although wind, sunshine, and rain may affect the loading capacity of transformers, their unpredictable nature makes it impracticable to consider these factors. This seems discussable, especially because of recent PV development and their power forecasts where solar irradiation plays a key role. Moreover, wind and irradiation effects are already considered in the DTR of overhead lines.

Other studies consider geomagnetically induced currents (GIC) 22 [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF], [START_REF] Vakhnina | The Method for Assessing the Permissible Overload Capacity of Power Transformers during High Geomagnetic Activity[END_REF]. Such GIC may reach as few amperes and hundreds of amperes depending on the magnitude and duration of magnetic disturbances, grid topology, and soil conductivity. Nevertheless, according to [START_REF] Girgis | Effects of GIC on power transformers and power systems[END_REF], 21 The cold start of transformer may be especially important during a cold-load pick up [START_REF] Aubin | Distribution transformer overloading capability under cold-load pickup conditions[END_REF]-the situation when transformer is reenergized after long-lasting outage. The loading during the a cold-load pickup may be much greater than a pre-outage loading because all loads turns on simultaneously (diversity loss and high inrush currents of motor load etc). If not controlled, this could damage the transformer especially if high loadings coincidence with very low ambient temperatures making the oil viscous, preventing the efficient heat removal from a transformer. For instance, in field studies of cold-load pick up, a bushing's temperature reached 300 ℃ [START_REF] Aubin | Distribution transformer overloading capability under cold-load pickup conditions[END_REF]. Hence, step-by-step restoration of power supply, maximizing the use of transformer capacity is needed [START_REF] Uçak | Optimal step-by-step restoration of distribution systems during excessive loads due to cold load pickup[END_REF] . 22 GIC in transformers happens as consequences of magnetic disturbances on the sun: solar winds or sunspots. When geo-magnetic field of Earth varies, this creates a DC current flowing from the transformer's grounded neutral to HV windings. Transformers, located in countries close to Earth's magnetic poles (especially at high latitudes), may be more exposed to GIC.

GIC, even high ones, usually have a short duration. Therefore, it is believed that GIC does not lead to inadmissible overheating of windings or other structural parts for most transformers. However, another study [START_REF] Vakhnina | The Method for Assessing the Permissible Overload Capacity of Power Transformers during High Geomagnetic Activity[END_REF] demonstrates that GIC may restrict a permissible capacity of 400 MVA transformers, especially at high loadings. Note that GIC usually happens for transformers used with long lines or intermeshed networks. This is not common for distribution networks, historically having a radial topology and relatively short feeder distances from substations.

Other studies show that harmonics are sources of additional losses in transformers [START_REF] Das | Is Transformer kVA Derating Always Required Under Harmonics? A Manufacturer's Perspective[END_REF], [START_REF] Thango | Selection and rating of the step-up transformer for renewable energy application[END_REF]- [START_REF] Mcbee | Demand Side Management Effects on Substation Transformer Capacity Limits[END_REF]. Therefore, they cause the increased cumulative ageing of insulation [START_REF] Elmoudi | Effect of Harmonics on Transformers Loss of life[END_REF]. An interesting example is described in [START_REF] Sparling | Managing existing transformers in the grid transition[END_REF], where a 9-years-old transformer suddenly failed after small short circuits, which it should typically sustain. However, the post-damage analysis showed that the DP value was deficient, and no tensile strength remained. It is interesting to note that the temperature gauges of this damaged transformer never reached alarm set points. This again testifies that cumulative ageing may occur even if the temperature never reaches its limits. After investigations, it was found that this transformer was connected with a rectifier whose THD 23 was not correctly considered [START_REF] Sparling | Managing existing transformers in the grid transition[END_REF], [START_REF]Recommended Practice for Establishing Liquid-Filled and Dry-Type Power and Distribution Transformer Capability When Supplying Nonsinusoidal Load Currents[END_REF]. As a result, harmonics led to a fast deterioration of the given transformer and 19 similar transformers. Eventually, a transformer owner had to replace them all. As many small generators are connected to the distribution network, the potential sources of harmonics should grow. As a result, harmonics become essential factors defining the transformer capacity. A similar effect on the insulation ageing may happen due to phase imbalances, which also can occur from the increased number of small generators or storage [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Godina | Effect of Loads and Other Key Factors on Oil-Transformer Ageing: Sustainability Benefits and Challenges[END_REF], [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF].

In the case of short circuits, winding turns may be deformed due to electrodynamic forces of the short-circuit current. Usually, the winding deformation should not exceed 3% of its initial state [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF]. Because of winding deformation, there is a risk of inter-turn faults and thus a risk of transformer failure. At the same time, a temporary deterioration of mechanical properties at higher temperatures may reduce the short-circuit strength. Therefore, transformers during or directly after operation at load beyond nameplate rating may not comply with thermal short-circuit requirements of IEC 60076-5 (based on a short-circuit duration of 2 seconds). However, in practice, the effective duration of short-circuit is usually much less than 2 seconds. Hence, we do not consider the issue of short-circuits further.

Fulfilling the N-1 criterion in mode planning can reduce the allowable transformer load, e.g., 50% of its rated capacity [START_REF] Xiao | N-1 loadability for distribution systems[END_REF]. For example, suppose one of two transformers in the substation fails. In that case, the transformer remaining in operation must ensure a continuous load supply. In this case, part of the transformer capacity in normal operation cannot be used due to the requirements to fulfil the N-1 criterion. Other factors, except thermal aspects, can be grouped as follows: economical [161]- [START_REF] Chenier | Economic benefit and risk evaluation of power transformer overloading[END_REF]; probabilistic [69], [START_REF] Shahbazi | A probabilistic approach for power transformer dynamic loading capability assessment[END_REF],

[166]- [START_REF] Fu | Risk assessment for transformer loading[END_REF] statistical [69], [74], [START_REF] Wong | Substation power-transformer-loading analysis and computer simulations of loadability under realistic operating conditions[END_REF], [START_REF] Kartas | Power Transformers Overloading[END_REF]- [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF].

This list of factors is not exhaustive, but it demonstrates that a transformer's capacity is a complex multifactorial characteristic. Moreover, researchers continuously improve the thermal modelling of oil-immersed transformers leading to the development of more accurate and multifactorial thermal models [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF], [START_REF] Susa | Dynamic thermal modelling of power transformers[END_REF]- [START_REF] Susa | Dynamic Thermal Modeling of Power Transformers: Further Development-Part I[END_REF]. Attempting to account for all factors in one thesis would require much work and time as well as validated data. Besides, it may not be relevant considering all these factors simultaneously as the specific factor may be appropriate only in a particular situation. In general, as a literature review has shown, the physical limitation of the transformer capacity is often reduced to C&T limits of winding and oil as well as limits of insulation ageing. Hence, we decided to follow this practice and admit all limitations of this approach [START_REF] Shiravand | Improving the transformer thermal modeling by considering additional thermal points[END_REF].

In general, C&T limitations may be considered a necessary condition for safe transformer operation, but it should be kept in mind that sometimes they may be insufficient. For instance, the study [START_REF] Lupandina | Evaluation of dynamic loading capability for optimal loading strategies of power transformers[END_REF] shows that despite complying with all temperature limitations, the relative saturation of oil exceeds the permissible limit of 60% (in this case, authors assume that the risk of breakdown becomes inadmissible). In another study [START_REF] Bunn | Empirical Design Method for Distribution Transformer Utilization Optimization[END_REF], authors control a tank's pressure and voltage limits together with temperature limitations. Finally, in [98], researchers control the rate of temperature change and internal/external pressure as well as a bubble inception temperature, among others.

Thus, it is necessary to emphasize that some specific situations may indeed require additional limitations. However, C&T limits are usually applied in the literature in common cases. As this thesis targets rather general concerns than special ones, we assume that C&T limitations are necessary and sufficient conditions for the safe operation of the transformer. This may be justified if oil preservations systems and appropriate practices of monitoring, diagnostics and maintenance are in place. Hence, the following section 2.2 shortly review the existing research on the thermal limit of transformers.

Thermal limits of power transformers: review

First of all, it should be highlighted that the subject of transformer's thermal limits and its related issues has a vast and long history. The bibliography on this issue (a heat transfer and transformer loadings) contains 220 pages for 1895-2016 [START_REF] Pierce | Bibliography on transformer heat transfer and loading 1895-2016[END_REF]. According to its author -a transformer specialist and researcher, Pierce L. W. [START_REF] Pierce | Bibliography on transformer heat transfer and loading 1895-2016[END_REF], the earliest publication on this subject is dated back to 1895 by W. L. R. Emmet, who conducted heat run tests of the dry transformer, which were widespread at that time. Nowadays, however, 92 % of all transformers worldwide represent oil-immersed transformers [6]. Therefore, we remind that they are the focus of this thesis.

Nowadays, we may distinguish two main approaches on a thermal limit of power transformers. The first approach [START_REF] Norris | The thermal rating of transformers[END_REF] assumes that the limit of transformer loading should correspond to its continuous (design) temperature. In contrast, the second approach is based on the "intermittent" temperature limit, set above the design temperature [START_REF] Sealey | Overloading of Transformers---Cases Not Covered by the General Rules[END_REF].

In 1928, Norris suggested that the transformer should operate below a continuous (rated) temperature limit (typically 95℃ or 105 ℃ at that time) [START_REF] Norris | The thermal rating of transformers[END_REF]. This allows avoiding acceleration of insulation ageing, i.e. without sacrificing the transformer's design life [START_REF] Norris | Safe Loading of Oil-Immersed Transformers[END_REF]. Also, it was found that operating the transformer at their continuous temperature should not damage internal connections of transformers (even old ones 24 ). As a result, first loading guides, e.g., BS 171 1936, adopted Norris's approach on continuous temperature limit [START_REF] Norris | Loading of power transformers[END_REF]. It was axiomatic to use it for rating purposes in the first half of the 20th century [START_REF] Norris | Power transformers-a proposed new standard rating[END_REF]. For operation purposes, the 105 ℃ limit was lowered to 85-95℃ depending on the accuracy of winding monitoring sensors at that time or other reasons [START_REF] Dann | Operating transformers by temperature[END_REF].

Nevertheless, scientists discussed the possibility of operating the transformer above the continuous temperature limit. For instance, we may find a discussion of 1913 [START_REF] Merrill | Method of Rating Electrical Apparatus[END_REF] on ratings of electrical apparatus where it was argued for continuous versus intermittent temperature limit. In 1930, Montsinger supposed that in the future, the continuous limit of 105 ℃ for transformers might be temporarily exceeded for periodical loadings [START_REF] Montsinger | Loading Transformers By Temperature[END_REF]. However, Montsinger and other researchers [START_REF] Dann | Operating transformers by temperature[END_REF] agreed that it might be better to adopt a lower continuous (95℃) limit from the conservative side and keep 105 ℃ for periodical loadings [START_REF] Montsinger | Loading Transformers By Temperature[END_REF]. But already in 1934, Montsinger and Dann [START_REF] Montsinger | Overloading of power transformers[END_REF] published a vision of the transformer committee on permissible temperature limits for short-term operation of the transformer above the design (continuous) limits.

In 1944, Sealey and Hodtum [START_REF] Sealey | Overloading of Transformers---Cases Not Covered by the General Rules[END_REF] discussed overloading cases non covered by general rules. Specifically, the authors stated that it is possible to temporarily exceed the rated temperature if, at other time intervals, the temperature would be sufficiently below its rated value. In such a case, the accelerated insulation ageing caused by above-rated temperatures should be compensated by a slow insulation ageing at below-rated temperatures. This was based on numerous tests conducted in 1921 [START_REF] Dann | Operating transformers by temperature[END_REF], showing that for each 6-8 ℃ 25 change in operating temperature, the rate of insulation ageing doubles or halves [START_REF] Dann | Operating transformers by temperature[END_REF], [START_REF] Dakin | Electrical Insulation Deterioration Treated as a Chemical Rate Phenomenon[END_REF]. Thus, it should be still possible to operate transformers without sacrificing a design life even if their rated temperature is violated from time to time. That is why, nowadays, the IEC loading guide [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] allows the normal overloading of transformers up to 120 ℃, while a rated winding temperature can be 98 ℃ for non-thermally upgraded insulation (or 110 ℃ for TUP insulation). Despite the acceptance of this approach in industrial standards, transformer experts also apply the practice of continuous temperature for thermal limits.

Later in the second half of the 20th century, transformer ratings were discussed in industry and academia as the one of forefront subjects. Special attention was drawn to the operation of transformers above their nameplate ratings as it provides economic effects [START_REF] Lahoti | Evaluation of Transformer Loading Above Nameplate Rating[END_REF], [START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF], [START_REF] Benko | Loading of Substation Electrical Equipment with Emphasis on Thermal Capability Part II-Application[END_REF], [START_REF] Wurmlinger | Distribution Transformer Load Management[END_REF] but also because of emerging computer-based solutions. Specifically, during the early 50s, engineers and scientists started to apply the first computer programs 26 for transformer design and operations [START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF], [START_REF] Williams | Application of Digital Computers to Transformer Design[END_REF], [START_REF] Moore | Application of a digital computer to the design of power transformers to specification[END_REF]. Followed by computers development, the implementation of the first monitoring systems allowed utilities to significantly increase the transformers limits [START_REF] Wurmlinger | Distribution Transformer Load Management[END_REF]. For instance, after implementing such a monitoring system, Consumers Power Company in the USA increased loading limits of residential transformers (less 10 kVA) from 225% to 300% and for 10 kVA and larger from 165% to 250% above the nameplate loading [START_REF] Wurmlinger | Distribution Transformer Load Management[END_REF].

of transformers. After additional verifications, they found that the risk for such loading of old transformer remains reasonable and it does not warrant to investigate each transformer for operating them at 95 ℃. 25 For temperature higher than 120 ℃ (or 115℃ per [START_REF] Dakin | Electrical Insulation Deterioration Treated as a Chemical Rate Phenomenon[END_REF]) the ageing doubling/halving occurs for each 8 ℃ change whereas for temperatures from 100℃ to 110 ℃ the rule of 6 ℃ is used. However, it is also believed that 10 ℃ rule should be applied. (See discussion in [START_REF] Dakin | Electrical Insulation Deterioration Treated as a Chemical Rate Phenomenon[END_REF], [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]). 26 Computer programs, once appeared, allowed to reduce the computation times of transformer ratings by 70 %, which before were calculated by hand [START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF].

Before the early 1970s, the average winding temperature rise was used to define the thermal rating of transformers [START_REF] Lakervi | Evaluation of Transformer Loading Above Nameplate Rating[END_REF]. Its measurement was done via winding temperature indicators which monitor the change in a winding resistance. However, in the late 1970s, utilities recognized that such conventional winding indicators do not represent real hot spots [START_REF] Lundquist | Finally fiber optic sensing of power transformer 'hotspots' is paying off[END_REF](their temperature is 13-15 K higher than the average temperature of windings). Thus, efforts were made towards direct measurements of temperature at hot spot locations through fibre optic sensors. The latter became possible thanks to the creation of Fluoroptic® technology in 1978 [START_REF] Lundquist | Finally fiber optic sensing of power transformer 'hotspots' is paying off[END_REF]. In the early 1980s series of tests held in General Electric, PSE&G, and Luxtron confirmed the feasibility of this technology which remained almost the same up to nowadays.

In parallel with the development of fiber optic technology and with further development of monitoring systems [START_REF] Bardiaux | Equipment for the thermal monitoring of overhead lines, underground cables and power transformers[END_REF], new concepts on thermal limits of network components started emerging [199]. In the late 1960s -early 70s, researchers suggested adjusting thermal ratings according to real-time environmental conditions [START_REF] Walldorf | The use of real-time monitoring and dynamic ratings for power delivery systems and the implications for dielectric materials[END_REF]. Such ratings were later called Dynamic Thermal Rating (DTR) or Real-Time Thermal Ratings (RTTR) [START_REF] Davis | A new thermal rating approach: The real time thermal rating system for strategic overhead conductor transmission lines: Part I general description and justification of the real time thermal rating system[END_REF]. Hence, in contrast to precalculated ratings, DTR allows releasing the unused capacities of power equipment thanks to online monitoring systems.

In the 1970s, the first-ever demonstration project on DTR -"Cable Monitoring and Rating System" (CMARS) was launched at PSE&G, USA [START_REF] Lee | Progress in the Field Validation of the Cable Monitoring and Rating System[END_REF]. In the middle of 1980, the first commercial project, UPRATE, was set up at Boston Edison and later in LILCO, PSE&G, Con Edison and NYPA [START_REF] Lee | Progress in the Field Validation of the Cable Monitoring and Rating System[END_REF]. Although these projects were on DTR of underground cables, their success enabled the expansion of DTR technology for overhead lines and transformers [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF], [START_REF] Walldorf | The use of real-time monitoring and dynamic ratings for power delivery systems and the implications for dielectric materials[END_REF], [START_REF] Feng | Study of intelligent overloading in power delivery systems[END_REF]- [START_REF] Roberts | Dynamic thermal rating for increasing network capacity and delaying network reinforcements[END_REF]. According to [START_REF] Walldorf | The use of real-time monitoring and dynamic ratings for power delivery systems and the implications for dielectric materials[END_REF], the first DTR system for oil-immersed transformers was placed in 1989 at LILCO and the second one in 1990. In the UK, a prototype for providing online ratings based on real-time data was developed in the 1980s and later used by National Grid [START_REF] Simonson | Thermal capability assessment for transformers[END_REF]. As a course of technology development, DTR has been actively investigated for onlinemonitoring systems of transformers [START_REF] Chenier | Economic benefit and risk evaluation of power transformer overloading[END_REF], [START_REF] Wong | An on-line method for transmission ampacity evaluation[END_REF]-[216] and their relay protection [START_REF] Bracale | A Probabilistic Approach for Forecasting the Allowable Current of Oil-Immersed Transformers[END_REF], [START_REF] Yip | Dynamic thermal rating and active control for improved distribution network utilisation[END_REF], [START_REF] Acampora | Achieving transparency and adaptivity in fuzzy control framework: an application to power transformers predictive overload system[END_REF]- [START_REF] Castillo | Implementation of a transformer monitoring solution per IEEE C57.91-1995 using an automation controller[END_REF], [START_REF] Swift | Adaptive transformer thermal overload protection[END_REF]- [START_REF] Galdi | Parameter identification of power transformers thermal model via genetic algorithms[END_REF].

The feasibility of RTTR technology was verified in 1987 [START_REF] Douglass | Real-time monitoring and dynamic thermal rating of power transmission circuits[END_REF]. It was concluded that DTR is inexpensive and relatively easy to implement in practice. Moreover, DTR technology may provide up to 15% more capacity than classical rating methods [START_REF] Douglass | Real-time monitoring and dynamic thermal rating of power transmission circuits[END_REF]. In 1996-1997, Douglass et al. [START_REF] Douglass | Real-time monitoring and dynamic thermal rating of power transmission circuits[END_REF], [START_REF] Douglass | Field application of a dynamic thermal circuit rating method[END_REF] presented results of field investigations in Philadelphia on DTR of overhead lines, cables, transformers and other network equipment: buses, disconnectors, line traps. As one of the results from this project, special DTR software 27 such as DTCR (Dynamic Thermal Circuit Rating) and PTLOAD (Power Transformer LOADing) were developed [START_REF] Adapa | Dynamic Thermal Rating of Substation Terminal Equipment[END_REF].

In the 1990s and 2000s, the development of DTR coincided with the paradigm shift in how power systems operate [START_REF] Sioshansi | Evolution of Global Electricity Markets[END_REF]. After the successful market liberalization in Chili in the 1980s, many countries started transforming their vertically-integrated utilities towards liberalized electricity markets [START_REF] Sioshansi | Evolution of Global Electricity Markets[END_REF]. As a result, this leads to load flows never planned before [START_REF] Tenbohlen | Assessment of overload capacity of power transformers by on-line monitoring systems[END_REF] and incentives to reduce the power system's operating costs. Hence, the utilization of network assets as much as possible becomes paramount in market conditions, and it remains relevant up to nowadays. DTR is considered a perspective and timely option to reduce costs and increase supply reliability in new market conditions. In 2016, around 2000 projects on DTR (both lines and/or transformers) had been deployed in 50 countries [START_REF] Нтс Еэс | Протокол по рассмотрению программного комплекса оценки ограничений пропускной способности электрической сети в режиме реального времени с учетом краткосрочного прогнозирования SUMO[END_REF]. Nowadays, DTR is found to be especially efficient together with flexibilities from generation, storage and load [START_REF] Degefa | Dynamic Thermal Modeling of MV/LV Prefabricated Substations[END_REF], [START_REF] Safdarian | Benefits of Real-Time Monitoring to Distribution Systems: Dynamic Thermal Rating[END_REF], [START_REF] Humayun | Optimal use of demand response for lifesaving and efficient capacity utilization of power transformers during contingencies[END_REF]- [START_REF] Weisshaupt | Evaluation of Measures to Operate Urban Low Voltage Grids Considering Future PV Expansion[END_REF] as well as for RES integration in the onshore and offshore grids [START_REF] Kazmi | Dynamic Rating based Design and Operation of Offshore Windfarm Export Systems[END_REF], [START_REF] Viafora | Flexible Utilization of Transmission Grid Capacity for Wind Power Integration[END_REF], [12], [START_REF] El-Gasseir | Enhancing transformer dynamic rating through grid application of photovoltaic arrays[END_REF]- [START_REF] Morozovska | Dynamic Rating of Power Lines and Transformers for Wind Energy Integration[END_REF].

Table 2 briefly reviews advances in the field of DTR of oil-immersed transformers for the past 30 years. Note that these publications do not represent a complete list of articles on this subject. However, with a comprehensive bibliography from Pierce [START_REF] Pierce | Bibliography on transformer heat transfer and loading 1895-2016[END_REF], this overview may be useful for DTR specialists and those who only start their investigations of this subject.

Research tasks and motivation

The main hypothesis of this thesis is that a transformer capacity still is not fully used as it can be per industrial standards (i.e. C&T limits). As a result, a significant transformer capacity remains hidden from system operators. Therefore, it was decided to reveal the transformer's hidden capacity and to demonstrate how it can be better used on the example of a relevant problem. Hence, Task 1 and 2 are dedicated to this problem, targeting practical applications.

Apart from practical applications, we are interested in finding the integral limits of transformer capacity utilization. Thus, Task 3 is set to investigate this theoretical question.

Task 1: DTR assessment considering current and temperature limitations

As explained in section 2.1, many papers on transformer DTR still do not consider an intermittent temperature limit (i.e. a permissible exceedance of continuous temperatures).

Even though the concept of intermittent temperature limit was discussed in first half of 20th century [START_REF] Sealey | Overloading of Transformers---Cases Not Covered by the General Rules[END_REF] and later adopted in industrial standards [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF], many researchers [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], [START_REF] Biçen | Loadability of power transformer under regional climate conditions: The case of Turkey[END_REF], [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF], [238], [START_REF] Zarei | Reliability considerations and economic benefits of dynamic transformer rating for wind energy integration[END_REF], [START_REF] Salama | Impact of Long-Term Climatic Conditions on the Ageing and Cost Effectiveness of the Oil-Filled Transformer[END_REF] continue considering continuous temperatures as a temperature limit. However, as discussed in section 2, a continuous temperature should not be considered a temperature limit. At the same time, studies [START_REF] Dong | A Data-Driven Residential Transformer Overloading Risk Assessment Method[END_REF], considering intermittent temperature limits, do not consider a current limit. Therefore, DTR estimations remain incomplete compared with C&T limitations of industrial standards [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. As a result, DTR based on continuous temperatures may underestimate DTR capability. This may be crucial for our understanding of transformer capacity. Also, specialists promoting DTR [313], asset operators, policymakers may underestimate DTR benefits compared to other technologies.

The literature review showed that DTRs are often based on typical load profile [START_REF] Shahbazi | A probabilistic approach for power transformer dynamic loading capability assessment[END_REF], [START_REF] Pasricha | A method of improving transformer overloading beyond nameplate rating[END_REF], [START_REF] Zhang | Dynamic loading of substation distribution transformers in a production grade environment[END_REF], [START_REF] Heunis | A Thermal Loading Guide for Residential Distribution Transformers Based on Time-Variant Current Load Models[END_REF], [START_REF] Savaghebi | A new approach for transformer loading capability assessment under non-linear load currents[END_REF], [START_REF] Li | A study on transformer loading in Manitoba -Peak-load ambient temperature[END_REF], [START_REF] Kartas | Power Transformers Overloading[END_REF], [START_REF] Biçen | Loadability of power transformer under regional climate conditions: The case of Turkey[END_REF], [START_REF] Dong | A Data-Driven Residential Transformer Overloading Risk Assessment Method[END_REF], [START_REF] Bunn | Empirical Design Method for Distribution Transformer Utilization Optimization[END_REF], [START_REF] Alvarez | Transformer Thermal Capacity Estimation and Prediction Using Dynamic Rating Monitoring[END_REF], [START_REF] Nguyen | Constrained optimisation procedure for evaluating cyclic loading of power transformers[END_REF]. This means that researchers take a typical load profile and then proportionally scale it through coefficient /factor until temperature or ageing limits are reached. For instance, in 1995, Nguyen [START_REF] Nguyen | Constrained optimisation procedure for evaluating cyclic loading of power transformers[END_REF] proposed an optimization formulation with a load multiplier to find normal cyclic and long-term emergency loadings. In 2008 Savaghebi et al. [START_REF] Savaghebi | A new approach for transformer loading capability assessment under non-linear load currents[END_REF] and Shahbazi et al. [START_REF] Shahbazi | A probabilistic approach for power transformer dynamic loading capability assessment[END_REF] applied a dynamic loading factor (i.e., a load multiplier) for given load profiles. In 2012, Zhang et al. [START_REF] Zhang | Dynamic loading of substation distribution transformers in a production grade environment[END_REF] scaled a shape of load profile until temperature limits were reached. In 2015, Pasricha and Crow [START_REF] Pasricha | A method of improving transformer overloading beyond nameplate rating[END_REF] used a load multiplier for power limit determination, considering transformer bushings and the OLTC limit.

In 2019 Alvarez et al. [START_REF] Alvarez | Transformer Thermal Capacity Estimation and Prediction Using Dynamic Rating Monitoring[END_REF] used load multipliers (both constant and dynamic) to reach a topoil limit. In the same year (2019), Bunn et al. [START_REF] Bunn | Empirical Design Method for Distribution Transformer Utilization Optimization[END_REF] used a similar principle of load multiplier for a given shape of load profile to increase the utilization of transformers. Such scaled load profile is then used to determine the DTR. Dong used a similar scaling approach in [START_REF] Dong | A Data-driven Long-Term Dynamic Rating Estimating Method for Power Transformers[END_REF] to determine DTR over long-term horizons. Although using a typical load profile for scaling was indeed realistic in the past, future load profiles may be drastically different because of a growing number of DER at the distribution level [22], [START_REF] Yip | Dynamic thermal rating and active control for improved distribution network utilisation[END_REF], [235], [START_REF] Degefa | Dynamic thermal state forecasting of distribution network components: For enhanced active distribution network capacity[END_REF], [269], [START_REF] Prasanna | Gestion prévisionnelle des réseaux actifs de distributionrelaxation convexe sous incertitude[END_REF]. Besides, typical load profiles of transformers are changing due to the recent COVID-19 outbreak [START_REF] Mcbee | Distribution Transformer Aging Due to COVID-19 Shelter-in-Place[END_REF]. Therefore, using a typical load profile may converge to non-optimal DTR for distribution networks.

Besides, novel strategies of active network operation [22], [START_REF] Yip | Dynamic thermal rating and active control for improved distribution network utilisation[END_REF], [235], [START_REF] Degefa | Dynamic thermal state forecasting of distribution network components: For enhanced active distribution network capacity[END_REF], [269], [START_REF] Prasanna | Gestion prévisionnelle des réseaux actifs de distributionrelaxation convexe sous incertitude[END_REF] and aggregators providing flexibility allow changing the shape of load profile [START_REF] Irena | Aggregators Innovation Landscape brief[END_REF], [START_REF] Kaheh | A trilevel programming model for flexiramp and reserve procurement in high penetration of wind farms and participation of a large industry and a DR aggregator[END_REF], [START_REF] Mcbee | Demand Side Management Effects on Substation Transformer Capacity Limits[END_REF]. For instance, such strategies or services are known in the literature as load/peak shaving [START_REF] El-Bayeh | Novel Approach for Optimizing the Transformer's Critical Power Limit[END_REF], [START_REF] Uddin | A review on peak load shaving strategies[END_REF], [START_REF] Greenwood | A Probabilistic Method Combining Electrical Energy Storage and Real-Time Thermal Ratings to Defer Network Reinforcement[END_REF] and valley filling [START_REF] Jian | High efficient valley-filling strategy for centralized coordinated charging of large-scale electric vehicles[END_REF]. Thus, DSO may not only face a new shape of loads but also control them with available flexibility. Altogether, DTR estimations require using many shapes of load profile and not the typical one.

According to the IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF], C&T limits are not intended to be valid simultaneously. Furthermore, the IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] specifies that limiting factors may shift from current to temperature and vice versa. However, no other clarifications are given in the IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] or other sources, e.g., which factor is dominant, and occurrence. Besides, in face-to-face discussions with colleagues and some literature sources [START_REF] Kostin | Urban substations transformers allowed loading[END_REF]- [START_REF] Arguence | Sizing power transformers in power systems planning using thermal rating[END_REF], we met an opinion that winding temperature is always a limiting factor for transformer loading. Although this is often true, our numerical investigations showed that this could also be false in particular ambient temperature ranges and different C&T limits.

Because of all these issues, it was decided that the first task of the thesis should be an assessment of DTR considering C&T limitations. The new assessment, in contrast to previous studies, should estimate permissible loadings, considering the following:

(1) Intermittent temperature limit (above the continuous temperature) should be considered.

Otherwise, the transformer capacity may be significantly underutilised.

(2) DTR estimation should encompass as many load profiles as possible and not only any single one. In other words, DTR should not depend on the shape of the load profile. Otherwise, the DTR may ignore the part of transformer capacity.

(3) Limiting factor of transformer loadings and its occurrence should be defined for better understanding a transformer capacity.

Task 2: Estimation of transformer reserve capacity for load connection

It was found that the electric demand should remain (up to 2050) a primary factor driving the reinforcement of distribution networks. Furthermore, the existing DSO approach [START_REF] Трк | Методические указания по определению резервов мощности на центрах питания ПАО «ТРК[END_REF] do not use C&T limitations but a nominal rating of the smallest transformer in N-1 mode. Therefore, we made a hypothesis that there is a hidden transformer capacity, which DSO currently underutilizes because of very conservative assumptions of power ratings. Thus, the second task of our thesis is to investigate how much load can be connected to transformers if using C&T limits from the IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. From a transformer perspective, this task should prove the significant reserve capacity of a power transformer [START_REF] Трк | Методические указания по определению резервов мощности на центрах питания ПАО «ТРК[END_REF] for a load connection.

The problem of reserve capacity is illustrated in Russia because its energy and business community actively discuss this problem of reserve capacity. Briefly, consumers in Russia may soon be obliged to pay a reserved power maintained by DSO for them. These payments may reach a few billion euros in the next few years. Thus, the actual reserve capacity was one of the points of such debates. Details of this situation in Russia are provided in Chapter III.

At the same time, DSOs worldwide have started taking advantage of flexibility in their electrical network [328]. That is why, we were interested in how much flexibility is needed to interconnect the given load, especially if DSO uses the flexibility with DTR? After preliminary evaluating the costs of different flexibilities, it was found that the demand response (DR) is considered as the low-cost technology. Therefore, DR will be reference flexibility for the problem of reserve determination. However, although there are many works on maximizing transformer utilization with DR and DTR [START_REF] Sousa | Decision Making in Emergency Operation for Power Transformers With Regard to Risks and Interruptible Load Contracts[END_REF], [START_REF] Humayun | Optimal use of demand response for lifesaving and efficient capacity utilization of power transformers during contingencies[END_REF], [START_REF] Liu | A two-stage residential demand response framework for smart community with transformer aging[END_REF]- [START_REF] Brinkel | Should we reinforce the grid? Cost and emission optimization of electric vehicle charging under different transformer limits[END_REF], [273]- [START_REF] Humayun | Optimal capacity planning of substation transformers by demand response combined with network automation[END_REF], [START_REF] Gourisetti | A review of transformer aging and control strategies[END_REF]- [START_REF] Van Der Klauw | Using demand-side management to decrease transformer ageing[END_REF], the issue of reserve capacity determination is studied only in a few works [START_REF] Humayun | Demand Response Benefits for Major Assets of High Voltage Distribution Systems Capacity Gain and Life Management[END_REF], [START_REF] Salehi | Determining the optimal reserve capacity margin of Sub-Transmission (ST) substations using Genetic Algorithm[END_REF]- [START_REF] Helmi | The application of power factor correction capacitors to reserve spare capacity of existing main transformers[END_REF] (details are given in section 4.1 of Chapter III). This gave us additional motivation for conducting the research on the second task of the thesis.

Task 3: Investigating the energy and ageing limits of transformer

As already mentioned, system operators would be prone to maximize the utilization of transformer capacities. Literature review showed that transformer limits might be considered in various forms: power [START_REF] El-Bayeh | Novel Approach for Optimizing the Transformer's Critical Power Limit[END_REF], failure rate [START_REF] Huang | Overload strategy of transmission and transformation equipment for safety operation[END_REF], temperature [START_REF] Montsinger | Loading Transformers By Temperature[END_REF], tank pressure [START_REF] Bunn | Empirical Design Method for Distribution Transformer Utilization Optimization[END_REF], relative saturation [START_REF] Lupandina | Evaluation of dynamic loading capability for optimal loading strategies of power transformers[END_REF], economic [START_REF] Chenier | Economic benefit and risk evaluation of power transformer overloading[END_REF], [START_REF] Levine | Economic Loading of a Transformer System[END_REF] or risk-profit limits [START_REF] Turnell | Risk and economic analysis of utilizing dynamic thermal rated transformer for wind farm connection[END_REF]. In practice, however, the main technical problem is usually related to a power flow constraint. Nevertheless, active operation strategies [22], [START_REF] Yip | Dynamic thermal rating and active control for improved distribution network utilisation[END_REF], [235], [START_REF] Degefa | Dynamic thermal state forecasting of distribution network components: For enhanced active distribution network capacity[END_REF], [269], [START_REF] Haque | Smart Congestion Management in Active Distribution Networks[END_REF], [START_REF] Prasanna | Gestion prévisionnelle des réseaux actifs de distributionrelaxation convexe sous incertitude[END_REF] as peak shaving for example, may mitigate power constraints and prolong transformer's operation. Assuming that DSO has enough flexibility to mitigate any power constraint, we posed the theoretical question: up to what physical limit is it possible to operate a power transformer?

To answer this question, we made the hypothesis: if any power constraint may be mitigated, then the physical limit in such a situation should have some integral nature. Thus, it can be supposed that the physical limitations should be a maximal amount of energy transfer without violating temperature and current constraints. This energy transfer limit should represent the unique transformer's loading profile, ensuring the highest energy transfer under a given ambient temperature. Once a transformer reaches the energy limit, its reinforcement becomes an inevitable option, even if earlier it was deferred by active operation strategies or load transfers to another substation. Therefore, it was decided to investigate the concept of energy limit in this thesis to understand its characteristics better. Since energy limit changes as a function of ambient temperature, we decided to quantify the energy limit in different climate conditions: Tomsk, Russia, and Grenoble, France.

Apart from the energy limit, it was decided to investigate the ageing limit. As a reminder, IEC and IEEE standard [START_REF]C57.91-1995 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] states that normal cyclic loadings are loadings, which cause the normal ageing of insulation (Loss of insulation life ≤ 1 pu). Such assumption should ensure that transformers could operate an entire design life as predefined by the manufacturer. However, we believe that this may also be a conservative assumption, especially confirmed by recent tests. For example, in 2018, network companies in Russia investigated the actual state of power equipment after being many years in operation [START_REF]Technical state of electric power facilities (physical wear and tear)[END_REF]. It was found that the insulation system and other vital parameters of existing transformers remain in a good state (physical ageing is only 24 %). This is especially notable as 50-70% of transformers in Russia stay in service beyond their design lifetime. Therefore, some studies [START_REF] Viafora | Load Dispatch optimization using Dynamic Rating and Optimal Lifetime Utilization of Transformers[END_REF] already suggest increasing the existing transformer ageing limit higher than the normal limit if considering their remaining insulation life. However, we suppose that the remaining insulation life should not be used alone to choose the ageing limit. Therefore, we propose considering the remaining calendar life with the remaining insulation life.

Hence, this thesis's third task will focus on three issues: (1) the development of the concept of energy limits (2) its quantification for ambient temperatures in Tomsk and Grenoble. (3) the investigation of optimal ageing limit while considering various combinations of the remaining insulation life and the remaining calendar life.

Contributions

Contributions of this thesis represent the solutions of the abovementioned tasks. Each contribution provides the added value for a particular domain related to DTR (modelling, concepts or application case). Hence, all contributions are summarized below. 

C1

It is suggested to model DTR using a feasible region. In contrast to other techniques, this method allows considering the permissible operation of the transformer within C&T limits. As a result, it becomes possible to consider about 30-35 % of hidden transformer capacity, ignored in similar studies. Furthermore, no load profile is required to model DTR, thanks to a feasible region. This allows avoiding converging to lower DTR shapes. Besides, a feasible region considers variations of power limit as a function of limiting factor between C&T limitations. This is mentioned in the IEC standard, but no further explanation was provided. Thus, this numerical study fills this gap.

As a new modelling technique was proposed, it was necessary to reassess DTR. In contrast to other studies, DTR is assessed for multiple C&T limits. This allows identifying the limiting factors of power limits (among given C&T). On the one hand, this confirmed the commonly accepted vision that the winding temperature is a primary limiting factor of DTR. On the other hand, it was shown that winding temperatures might be less or totally unrestrictive for DTR at particular C&T limits.

Finally, the recommendations for transformer overloading using C&T limitations were formulated. Specifically, it was explicitly shown that transformers may still be loaded up to 89 % while exposed to negligible ageing. In addition, the number of days of permissible operation above the design temperature but within C&T limits is evaluated. This complements the approach based on the intermittent temperature limit, which is currently adopted by IEC and IEEE standards.

DTR application -C2,C3

C2

It was demonstrated that transformers have a substantial reserve capacity even under restrictive assumptions on load growth and Tamb. With restrictive assumptions, we applied DTR to estimate the reserve capacity on the example of a primary substation in Russia. The DTR-based reserve was evaluated against DSO approach. In contrast to the DSO approach based on static power limits, the proposed DTR approach is based on C&T and ageing limits. To formalise the approach, we formulated an algorithm that integrates restrictive assumptions on load and Tamb. Thus, it is ensured that the obtained reserve is located on the conservative side from a thermal point of view.

C3

It was demonstrated that coupling DTR with DR might further increase the reserve capacity of transformers. To ensure the given reserve margin, we estimated the required amount of DR in terms of kW and kWh. The methodology was formalized in an algorithm and then solved. Moreover, it was shown that while keeping the same ageing limit, the intermittent temperature limit (120 ℃) is more advantageous for DTR than a continuous temperature (98 ℃). This complements the C1 contribution for DTR modelling, stating that the intermittent temperature limit should be considered.

DTR concept -C4,C5 C4

For the first time, the limit of energy transfer was introduced as a theoretical concept and modelled through existing techniques. This study identified typical characteristics of energy limits such as loading amplitudes and their durations for the city of Tomsk, Russia and Grenoble, France. Furthermore, the highest energy output was estimated for main transformers types pet the IEC standard: ONAN, ONAF, OD, and OF. It was revealed that maximal energy transfer corresponds to a specific thermal state of the transformer. Moreover, we showed that thermal inertias have a limited impact on the maximal energy transfer through a transformer. Thus, they can be ignored for the estimation of energy limits.

C5

It was demonstrated that the optimal ageing limit should be determined as the ratio between the remaining insulation life of transformers and their remaining calendar life. Hence, the main situations with different ratios are generalized. Besides, it was shown that a transformer operating at low ageing limits has a relatively higher energy transfer increment in percentage versus high ageing limits. This allows transferring much more energy through the transformer at long term-horizons. Finally, a maximal energy transfer through the transformer is estimated as a function of an ageing limit and calendar life.

Each contribution was presented to the scientific community in journal articles (C1, C3 and C4) and/or conference papers (C2, C4 and C5). Table 4 shows relevant publications where each contributions were published. 

C4, C5

Optimal ageing limit of oil-immersed transformers in flexible power systems CIRED conference in Geneva, Switzerland 2021 [START_REF] Daminov | Optimal ageing limit of oil-immersed transformers in flexible power systems[END_REF] 6.

Thesis outline

The thesis outline is as follows:

 Chapter II: In this chapter, the problem of DTR assessment considering C&T limitations is described. Existing scientific works on this topic are reviewed, and their advantages and drawbacks are discussed. Then, we present a new modelling method for DTR called a feasible region. This feasible region allows modelling the DTR of the transformer without the drawbacks of existing methods. In contrast to existing approaches, the feasible region allows considering the intermittent temperature limit (above the continuous temperature) and multiple shapes of (net) load profiles. We quantify the transformer capacity based on historical ambient temperatures in Tomsk, Russia and Grenoble, France as the case study. Thanks to this analysis, DTR is reassessed against C&T limitations. Also, main limiting factors of transformer loading and their occurrence are identified. Results of such assessment are discussed, and new recommendations for transformer overloading are suggested.

 Chapter III: In this chapter, we introduce the problem of reserve determination and describe the existing methodology of Russian DSO, which traditionally uses power ratings. The methodology is then discussed, and its advantages and drawbacks are identified. Further, we propose a methodology that considers C&T limitations of transformers instead of power ratings. The methodology is then compared with the business-as-usual approach on the example of two primary substations located in Tomsk, Russia. Finally, the results of this simulation are discussed, and relevant conclusions are drawn.

Further, we present the detailed literature review on maximizing transformer utilization using DTR and Demand Response (DR). The drawbacks of existing solutions were analyzed, and research gaps were identified. Next, we introduce the case study, problem statement, and the proposed methodology. The formulation takes the form of an integrated optimization problem for simultaneous DR sizing and management. The proposed methodology represents the algorithm that solves this integrated optimization problem. The simulation of solving this integrated problem was shown on the example of fictional MV/LV substations in Grenoble, France. Simulation results were assessed and discussed.

 Chapter IV: In the first part of this chapter, we answer the question of the physical limit of transformer utilization. In its second part, we discuss the optimal ageing limit of transformers. The first part of the chapter introduces the energy limit of oil-immersed transformers and explains the motivation and future application. Next, we demonstrate how the energy limit could be modelled and quantified in the climates of Tomsk, Russia and Grenoble, France.

In the second part of this chapter, we explain why the ageing limit of oil-immersed transformers may vary as a function of insulation and calendar life. Thus, main combinations of insulation and calendar life are generalized. Once generalization is made, we conduct simulations to determine the optimal ageing limit on the example of a new distribution transformer. Simulations results are then discussed, and relevant conclusions are drawn.

Chapter II Assessment of Dynamic Transformer Rating considering C&T limitations

Chapter II

Assessment of Dynamic Transformer Ratings considering C&T limitations

The main hypothesis of this thesis is that the transformer capacity is not fully utilised as it could be per industrial standards. Moreover, the chapter showed that even advanced rating techniques such as DTR have drawbacks that make some available capacity non-utilized. Therefore, it was decided to reassess DTR as the first task of this thesis. Hence, section 1 reminds key findings of Chapter I and especially drawbacks of existing techniques. Further, section 2 suggests a method called "feasible region" to estimate transformer capacity that overcomes identified disadvantages. Altogether, this chapter shows how much transformer capacity may be available for DSO.

The first difference with the existing techniques is that we do not use a continuous winding temperature as a temperature limit of DTR. Instead, we use the C&T limitations given in the IEC loading guide. This allows modelling a DTR based on intermittent temperature limit, which is only partially considered or ignored in similar studies. As a result, this allows us to evaluate the part of transformer capacity, which represents the allowable operation above the design temperatures. Second, a feasible region allows modelling a DTR without using a typical (net) load profile or any load profile at all, as the latter may be different due to massive electrification and DER integration. Thus, a feasible region represents an improved solution for better modelling of DTR, which permits better assessing the transformer capacity.

As a case study, DTR is assessed in different climates: one in Russia (Tomsk city in Siberia) with a cold continental climate and another in France (Grenoble city in the Alpes) with a warm temperate climate. In contrast to existing studies, we used multiple combinations of C&T limitations to evaluate the permissible transformer loadings. This allows us to identify the limiting factors of transformer capacity for each C&T limitation. Thus, section 3 presents the results of this analysis and holds a discussion. Finally, DTR reassessment allows formulating recommendations for transformer overloading using C&T limitations. They are summarized in section 4 of this chapter.

Following the philosophy of open science, MATLAB code and data used in DTR modelling are available in open access at GitHub repository.

Introduction

Nowadays, the assessment of thermal rating is a relevant problem for engineers and researchers dealing with power system operation and planning. Thermal ratings have a substantial impact on the optimal solution of a power system scheduling [START_REF] Miura | Application of dynamic rating to increase the available transfer capability[END_REF], a wind power integration [START_REF] Zarei | Reliability considerations and economic benefits of dynamic transformer rating for wind energy integration[END_REF], [START_REF] Kazmi | Cost optimized dynamic design of offshore windfarm transformers with reliability and contingency considerations[END_REF], [START_REF] Rocha | Dynamic rating assists cost-effective expansion of wind farms by utilizing the hidden capacity of transformers[END_REF], a hosting capacity of substations [START_REF] Arguence | Sizing power transformers in power systems planning using thermal rating[END_REF], [START_REF] Cigre | Capacity of Distribution Feeders for Hosting Distributed Energy Resources[END_REF], [START_REF] Fatima | Review on the PV Hosting Capacity in Distribution Networks[END_REF] and asset management [START_REF] Schmitz | Operational vulnerability indicator for prioritization and replacement of power transformers in substation[END_REF], among many others [START_REF] Numan | Impact assessment of a co-optimized dynamic line rating and transmission switching topology on network expansion planning[END_REF]. Recently, system operators have started managing a power system with a large share of DER [START_REF] Nawaz | TSO and DSO with large-scale distributed energy resources: A security constrained unit commitment coordinated solution[END_REF]. To avoid congestions caused by new DER, system operators have to know the actual thermal ratings of the existing network. This is especially relevant since the lead time of DER is much less than that of network reinforcement [START_REF] Hoff | Managing Risk Using Renewable Energy Technologies[END_REF].

For many years, thermal ratings have been defined in practice as Static Thermal Ratings (STR) [269], [START_REF] Haque | Agent-based unified approach for thermal and voltage constraint management in LV distribution network[END_REF]. STR is a constant limit, expressed in units of current or power (or their per units) [START_REF] Kim | An Application of Dynamic Thermal Line Rating Control System to Up-Rate the Ampacity of Overhead Transmission Lines[END_REF] and usually calculated for daily-mean ambient temperature (Tamb). For instance, Table 5 shows the STR of power transformers used in Russia [357]. Similar STRs are used in other countries. Despite the long history of using STR, it has been repeatedly proven that STR is only a rough approximation of true thermal ratings [START_REF] Viafora | Dayahead dispatch optimization with dynamic thermal rating of transformers and overhead lines[END_REF], [START_REF] Zarei | Reliability considerations and economic benefits of dynamic transformer rating for wind energy integration[END_REF], [START_REF] Teh | Prospects of Using the Dynamic Thermal Rating System for Reliable Electrical Networks: A Review[END_REF], [START_REF] Douglass | A Review of Dynamic Thermal Line Rating Methods With Forecasting[END_REF]. This is explained by the fact that STR does not consider both the shapes of Tamb and load profile. Consequently, many scientists investigated Dynamic Thermal Rating (DTR) [START_REF] Bracale | A Probabilistic Approach for Forecasting the Allowable Current of Oil-Immersed Transformers[END_REF], [START_REF] Douglass | Real-time monitoring and dynamic thermal rating of power transmission circuits[END_REF], [START_REF] Viafora | Dayahead dispatch optimization with dynamic thermal rating of transformers and overhead lines[END_REF], [START_REF] Zarei | Reliability considerations and economic benefits of dynamic transformer rating for wind energy integration[END_REF], [START_REF] Kim | Determination of available transfer capability (ATC) considering real-time weather conditions[END_REF]- [START_REF] Daminov | Two-stage algorithm to solve the economic dispatch problem with dynamic transformer ratings[END_REF]. DTR represents a daily profile of admissible loadings, expressed either by current or power limits (or their per units). DTR is usually higher than STR, but DTR can be set lower than STR for hot ambient conditions to avoid the network equipment overheating and/or mechanical damage.

So far, DTR is investigated for all network equipment [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF]: power and distribution transformers [START_REF] Bracale | A Probabilistic Approach for Forecasting the Allowable Current of Oil-Immersed Transformers[END_REF], overhead lines [START_REF] Kim | An Application of Dynamic Thermal Line Rating Control System to Up-Rate the Ampacity of Overhead Transmission Lines[END_REF], [START_REF] Karimi | Dynamic thermal rating of transmission lines: A review[END_REF], [START_REF] Saied | Assessing the dynamic rating of overhead transmission lines[END_REF] and power cables [START_REF] Huang | Dynamic cable ratings for smarter grids[END_REF]. Nevertheless, we focus on the DTR of oil-immersed transformers because, unlike other network elements, the transformer may exceed their continuous temperatures dueing a normal operation. To ensure safe operation, especially above nominal rating, the transformer must meet its C&T limitations [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. As mentioned in chapter I, these limitations are usually set for the current, hot spot temperature (HST) of a winding and top-oil temperature (TOT) in the tank. For instance, Table 6 shows C&T limitations for normal cyclic loading (i.e. without accelerated ageing) in international and Russian standards. Although industrial standards adopted C&T limitations long ago, many scientists still define DTR using a continuous HST as a temperature limit [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], [START_REF] Biçen | Loadability of power transformer under regional climate conditions: The case of Turkey[END_REF], [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF], [START_REF] Salama | Impact of Long-Term Climatic Conditions on the Ageing and Cost Effectiveness of the Oil-Filled Transformer[END_REF], [238], [START_REF] Zarei | Reliability considerations and economic benefits of dynamic transformer rating for wind energy integration[END_REF]. As mentioned in chapter I, the continuous HST equals 98 ℃ for non-thermally upgraded paper and 110 ℃ for TUP. As a reminder, using continuous temperatures as a temperature limit was axiomatic in the first half of the 20th century. However, since the second half of the 20th century, loading guides have allowed transformers to exceed these continuous temperatures for a short time [START_REF] Norris | Loading of power transformers[END_REF]. However, to prevent the immediate fault of transformers, it is necessary to keep the operating HST below the HST limit. Thus, two visions of DTR exist in the transformer community, one based on the continuous HST [START_REF] Norris | The thermal rating of transformers[END_REF] and another based on the intermittent HST limit [START_REF] Sealey | Overloading of Transformers---Cases Not Covered by the General Rules[END_REF].

Although two visions on DTR exist, none of the papers above estimates DTR following them simultaneously. Mainly all papers [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], [START_REF] Biçen | Loadability of power transformer under regional climate conditions: The case of Turkey[END_REF], [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF], [START_REF] Salama | Impact of Long-Term Climatic Conditions on the Ageing and Cost Effectiveness of the Oil-Filled Transformer[END_REF] consider DTR based on continuous HST only, whereas DTR based on HST limit is omitted. In other words, many papers do not consider the intermittent temperature limit. Therefore, it can be concluded that an actual DTR capability is not fully revealed. Meanwhile, the papers [START_REF] Dong | A Data-Driven Residential Transformer Overloading Risk Assessment Method[END_REF], [START_REF] Kartas | Power Transformers Overloading[END_REF] estimating DTR based on temperature limit does not consider current limitations. The lack of a current limit makes the DTR estimation incomplete from an industrial standards point of view. The study [START_REF] Dong | A Data-driven Long-Term Dynamic Rating Estimating Method for Power Transformers[END_REF] uses the normal ageing limit as a criterion for DTR determination but not temperature limitations. Thus, no study mentioned above investigates DTR per C&T limitations simultaneously.

The use of not-complete C&T limits (e.g. only HST limits but not those of current or oil) may lead to the inaccurate estimation of DTR. This is because the limiting factor of DTR can shift between C&T limits. For example, the following extract from IEC 60076-7:2005 describes this problem:

"Current and temperature limits are not intended to be valid simultaneously. The current may be limited to a lower value to meet the temperature limitation requirement. Conversely, the temperature may be limited to a lower value in order to meet the current limitation requirement".

Consequently, DTR estimation (in power units) from a C&T perspective may be challengeable and not evident. Furthermore, it is less obvious if various C&T limitations are used (Table 6). Thus, in this chapter, DTR is estimated for different C&T limitations because multiple C&T limitations ensure various permissible loadings. Hence, DTR is assessed for various C&T limits as the first problem in this chapter.

To ensure that DTR estimation is representative, it is necessary to use long-term data (not a few days or weeks) encompassing various ambient temperature conditions. However, only a few studies estimate transformer limits over a long-term period but not all C&T are considered there. For instance, the authors of [START_REF] Biçen | Loadability of power transformer under regional climate conditions: The case of Turkey[END_REF] estimate the loadability of the ONAF power transformer for a typical load profile and 30-year monthly-mean Tamb in Turkey. Another study [START_REF] Kartas | Power Transformers Overloading[END_REF] evaluates the permissible overloading of power transformers in Greece. In [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], the authors estimate DTR for ONAN power transformer based on the annual Tamb in the United Kingdom. The one-year DTR benefits are studied in [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF] for ONAN and OFAF power transformers in Milton Keynes, United Kingdom. The paper [START_REF] Li | A study on transformer loading in Manitoba -Peak-load ambient temperature[END_REF] assesses peak-load transformer capability based on three months hour Tamb and load data in Manitoba, Canada. The data-driven approach is suggested in [START_REF] Dong | A Data-Driven Residential Transformer Overloading Risk Assessment Method[END_REF] to estimate residential transformer overloading based on a two-year Tamb in West Canada. The same authors [START_REF] Dong | A Data-driven Long-Term Dynamic Rating Estimating Method for Power Transformers[END_REF] applied a datadriven approach to determine DTR based on 5-years data in Canada. In addition, the paper [START_REF] Salama | Impact of Long-Term Climatic Conditions on the Ageing and Cost Effectiveness of the Oil-Filled Transformer[END_REF] investigates the loadability of the ONAN power transformer in Egypt based on the meandaily Tamb at each month.

The second problem of this chapter is the role of a typical load profile in estimating DTR. Many papers [START_REF] Shahbazi | A probabilistic approach for power transformer dynamic loading capability assessment[END_REF], [START_REF] Pasricha | A method of improving transformer overloading beyond nameplate rating[END_REF], [START_REF] Savaghebi | A new approach for transformer loading capability assessment under non-linear load currents[END_REF], [START_REF] Li | A study on transformer loading in Manitoba -Peak-load ambient temperature[END_REF], [START_REF] Biçen | Loadability of power transformer under regional climate conditions: The case of Turkey[END_REF], [START_REF] Dong | A Data-Driven Residential Transformer Overloading Risk Assessment Method[END_REF], [START_REF] Bunn | Empirical Design Method for Distribution Transformer Utilization Optimization[END_REF], [START_REF] Alvarez | Transformer Thermal Capacity Estimation and Prediction Using Dynamic Rating Monitoring[END_REF], [START_REF] Nguyen | Constrained optimisation procedure for evaluating cyclic loading of power transformers[END_REF], [START_REF] Zhang | Dynamic loading of substation distribution transformers in a production grade environment[END_REF] assume a typical load profile shape and upscale this shape until temperature limits are met. The upscaled shape of the load profile is then considered as DTR. We believe that the assumption of a typical load profile becomes outdated in the era of smart grids. In the past, typical load profiles were relevant since DSO could not actively control the shape of the load profile, and DER share could not affect this load shape. However, the fast integration of DER into the distribution network changes the shape of typical load profiles. Thus, a load profile of consumers is not a reference for transformers anymore but a net load profile, whose shape is determined by DER and load.

Whatever a (net) load profile is given, DSO may change the shape of (net) load profile, using controllable DER: distributed generation, storage and demand response [22], [START_REF] Yip | Dynamic thermal rating and active control for improved distribution network utilisation[END_REF], [235], [START_REF] Degefa | Dynamic thermal state forecasting of distribution network components: For enhanced active distribution network capacity[END_REF], [269], [START_REF] Prasanna | Gestion prévisionnelle des réseaux actifs de distributionrelaxation convexe sous incertitude[END_REF]. Aggregators, a new market player, already provide such services to DSO [START_REF] Irena | Aggregators Innovation Landscape brief[END_REF], [START_REF] Kaheh | A trilevel programming model for flexiramp and reserve procurement in high penetration of wind farms and participation of a large industry and a DR aggregator[END_REF]. This poses another problem for the estimation of DTR: DTR should not target a single typical (net) load profile but multiple possible (net) load profiles. Next section suggests a solution considering both intermittent temperature limit and many load profiles for DTR assessment.

Feasible region of transformer loadings

The term "feasible region" is introduced to consider admissible loadings per C&T limitations. It is taken from the mathematical optimization area [START_REF] Beavis | Optimisation and Stability Theory for Economic Analysis[END_REF]. Generally, the feasible region represents a set of all possible solutions of an optimization problem satisfying all given constraints. In the case of a daily transformer loading, these constraints are C&T limitations (Table 6). However, drawing a DTR feasible region in one x-y axis is impossible because their limitations are given in different physical units: pu (or A) for current and ℃ for temperature. Thus, temperature limitations should also be presented in A/MVA or pu. Before harmonizing the units, it is necessary to know the thermal characteristics of the given transformer. In this study, the thermal characteristics of the ONAF transformer are taken from the IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF], [START_REF] Susa | IEC 60076-7 loading guide thermal model constants estimation[END_REF] (see Table 7). To convert temperature limitations into equivalent loading limits, it is necessary to build dependencies between the steady-state loading and Tamb (Figure 14). For constructing this dependency, we use 120 ℃/140 ℃ as HST limit and 95 ℃/105 ℃ as TOT limit because many industrial standards suggest these values. Keeping the temperatures within these limits ensures the safe operation of power transformer as discussed in section 2.1.1 of Chapter I.

Also, we keep always 1.5 pu as a current limit because the IEC standard suggests it for medium and small transformers. These transformers are usually installed in distribution networks where our attention is focused. In general, it is believed [START_REF] Lakervi | Evaluation of Transformer Loading Above Nameplate Rating[END_REF] that mechanical forces in the windings remain acceptable for the current limit of 1.5 pu. However, note that the current limit may be reduced if associated or auxiliary equipment has more restrictive limitations than the transformer To draw each line in Figure 14, one can use an algorithm shown below:

The reader may note that lines, representing the temperature limitations, cross each other at different Tamb (see black dots in Figure 14). Depending on the chosen HST and TOT limits, the transformer's loading at given Tamb range would be limited by the lowest line belonging either to the current or to the temperature of winding or oil. Figure 15 shows limiting factors using horizontal bars plotted as a function of Tamb (x-axis in Figure 15). The colour of each bar represents a limiting factor (the lowest line) at a given Tamb range.

Algorithm: Building the dependencies between loading and Tamb:

Input: 1) Vector of Tamb [-50 ℃…+50 ℃ ];
2) Transformer thermal characteristics (Table 7); % Calculating the Loading breaking the temperature limit while HST ≤ HST limit and TOT≤ TOT limit Loading = Loading + Δ, where Δ is any small value; calculate HST and TOT by IEC 60076-7 (difference method) for given Loading and Tamb; end save Loading reaching the temperature limit; end plot (Vector of Tamb as x-axis and Loadings as y-axis)

Figure 15 Limiting factors in the range of Tamb

For instance, let us understand how the third section (horizontal bars for HST≤120 ℃ & TOT≤95℃) is constructed. First, it is necessary to see how in Figure 14 the yellow line (HST=120 ℃) crosses the current limit (at Tamb -17 ℃) and TOT = 95 ℃ (at Tamb +45 ℃). The lowest line between two crossing ones corresponds to the limiting factor at the given Tamb range. This means that:

 for Tamb ∈ [-50℃; -17 ℃], the current limit of 1.5 pu is the limiting factor (a blue bar at the left of Figure 15)

 for Tamb ∈ [-17 ℃;+45 ℃], the HST = 120 ℃ is the limiting factor (yellow bar in the middle of Figure 15)

 for Tamb ∈ [+45 ℃;+50℃], the TOT = 95 ℃ is the limiting factor (purple bar at the right of Figure 15).

It is essential to highlight that Figure 14 and Figure 15 are drawn for a studied ONAF power transformer (whose characteristics are given in Table 7). Due to other design variations, ONAF transformers can have distinct critical Tamb (black dots). For a studied ONAF transformer, it is possible to build a feasible region for a given Tamb profile (explanations will be discussed later in section 2). Figure 16 shows a feasible region calculated for a Tamb profile shown in the same figure. Loading limits of this feasible region correspond to C&T limits [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] for medium transformers: Current≤1.5 pu, HST≤120 ℃ & TOT≤105℃.

To build a feasible region, it is necessary to independently plot loadings limits corresponding to chosen C&T limitations. This means that for each given value of the Tamb profile in Figure 16, one should find a loading corresponding to given HST and TOT limits in Figure 14. For example, let us take a 9°C -a Tamb at midnight in Figure 16. Hence, the transformer loading for Tamb = 9°C equals 1.5 pu, 1.3 pu, and 1.53 pu (estimated from Figure 14) for current, HST and TOT limitations correspondingly. Once such loading is found for each Tamb in Figure 16, it is possible to finally plot three power lines corresponding to C&T limits during the whole day. The lowest values (fully corresponding to the HST line in this example) are considered the feasible region's top line. This is because the HST limit is reached earlier than the current and TOT limit. Thus, the HST limit is a limiting factor for DTR for the given Tamb profile. It would be useful to define a part of this feasible region that causes the normal insulation ageing (i.e. DTR based on continuous HST). Therefore, a line (loadings) corresponding to the continuous HST = 98 ℃ was added (its calculation is similar to the HST limit). The green colour shows the area below this new line. The part above this new line remains yellow (Figure 17). Thus, the green area represents DTR based on a continuous HST. In contrast, the yellow area represents DTR based on the HST limit. In this example, the difference between two DTRs is always around 0.2 pu, i.e. 20 % of the nominal rating. In other words, DTR based on the continuous HST neglects about 20 % of actual transformer capacity for this example.

Once the construction of the feasible region is explained, it is necessary to discuss the insulation ageing issue in the feasible region. As the reader may note, a feasible region is based on C&T limitations only, i.e. amplitudes limits. This means accelerated ageing is possible if transformer loadings exceed the green area (the continuous HST). Nevertheless, the IEC standard clarifies accelerated ageing as follows:

"This is not serious if there are otherwise long periods (usually the case) at relatively low hotspot temperatures".

This quote refers to the example given in the IEC standard, where cumulative ageing during 2 hours exceeds the normal ageing 74 times! In other words, for two calendar hours, a transformer has lost the insulation resource equivalent to 6 days of normal operation (= B ×co

Bo

). Indeed, such a high ageing rate in one day can be compensated by low ageing rates in other days, weeks or months.

Note that IEC suggested this assumption when DSO cannot actively control the shape of load profiles. However, nowadays, DSO may maintain a necessary loading profile thanks to flexibility. Therefore, this IEC assumption becomes even more realistic. Thus, the proposed feasible region is explicitly determined for C&T limitations and implicitly for ageing. More details on dealing with accelerated ageing are presented in Section 4.

Once ageing effects are explained, it is necessary to justify the borders of the feasible region, which are based on steady-state loadings (Figure 14). To do that, the reader should address Figure 18, showing the interrelations (circles 1-4) between representative loadings (left side) and their temperatures (right side).

Figure 18 Interrelations between transformer loading and temperatures

The reader may notice that while the blue load steps up, the transient blue temperatures (circle 1) reach a steady-state value (purple lines, circle 3) without exceeding it. This interrelation allows us to formulate a meaningful conclusion. If loadings are consistently below the steady-state loading, then transient temperatures are also below their steady-state temperature. Therefore, load profiles should not exceed the continuous HST if located in the green area as steady-state limits bound the latter. Similarly, a load profile does not violate the HST limit if its loadings are located in the yellow area.

However, the green area in Figure 17 should be considered without accelerated ageing only for the load profiles entirely located within the green zone. Otherwise, suppose a part of a load profile is located in the yellow area. In that case, the green area may not be referred to as the area without accelerated ageing. Let us explain why: circle 2 in Figure 18 shows that even if the load may be instantaneously reduced, the temperatures take time to reduce to a new steady-state value. Thus, the transient temperature could be still in yellow areas even if a loading had already returned to the green area. While the temperature is reducing to a steady-state value, the ageing will be accelerated because the temperature would be still higher than the continuous temperature. Although this interrelation affects ageing, it should be highlighted that it does not affect the feasible region of the current or HST limit. Therefore, the suggested feasible region is still valid for C&T limitations.

There is a specific load profile(s) whose loading may be higher than steady-state DTR (brown line in Figure 18). However, transient temperatures of such load profiles still remain below the steady-state temperature (see circle 4). Therefore, it can be concluded that the feasible region, obtained earlier in Figure 17, can be even higher in terms of loadings. Nevertheless, it seems that such a load profile can exist only under thorough control of transformer loadings. For instance, it is necessary to reduce a transformer loading just after its HST reaches its steady-state limit. Therefore, such load profiles are advantageous for short-term planning [START_REF] Wang | Study on electro-thermal coupling optimal power flow model and its simplification[END_REF], [START_REF] Wang | Advanced thermal rating and its application[END_REF]. Thus, they can be neglected in the suggested feasible region. Moreover, this neglection reduces a feasible region that allows estimating the DTR with margin.

Previous paragraphs concluded that the feasible region encompasses multiple load profiles, not only one single load profile as done in other studies. This means that the feasible region approximatively considers various load profiles, especially those exceeding continuous temperatures. However, note that the amplitude of unique load profiles may theoretically exceed the top line of feasible region (see point 4 in Figure 18). This allows considering the feasible region as a conservative estimation. It would also be essential to highlight that the permissible loading of some load profiles may be less than the top line of the feasible region. This may be due to ageing, but this accelerated ageing can be compensated later or earlier whose vision is currently adopted in industrial standards. Therefore, such load profiles remain always feasible from an amplitude point of view.

Summarizing above-mentioned results:

 All load profiles located in the green area only are always feasible for both normal ageing and C&T limitations.  All load profiles located only in the yellow area are always not feasible for normal ageing but feasible for C&T limitations.  Some load profiles, located in green and yellow area, could be either feasible or infeasible from ageing point of view but always feasible for C&T limitations.  Some load profiles, exceeding the top line of feasible region, may still be feasible for C&T limitation and potentially feasible for ageing.

Thus, a feasible region always complies with C&T limitations.

Examples of feasible regions with different limiting factors

In this section, feasible regions with different limiting factors are described. At least six possible combinations of limiting factors can be identified: 1. Current only; 2. HST only; 3. TOT only; 4. Current + HST; 5. HST + TOT; 6. Current + TOT. Case 2 (HST only) was already presented in Figure 17. Thus, the main examples of feasible regions in this section are presented (case 1, 3, 4). The top line of the feasible region (the dashed line) corresponds to the current limit. To explain why the current is a limiting factor, the reader should compare the given Tamb profile with the range of the Tamb (x-axis in Figure 14) corresponding to current and HST limit = 120℃. In Figure 14, we see that the current limit remains a limiting factor for Tamb below -17℃. At the same time, given Tamb profile (varying between -19℃ and -33℃) remains lower than this critical Tamb. That is why the current limit remains a limiting factor for the given Tamb profile all day long.

Current limit only:

TOT limit only: Figure 20 shows a feasible region for limitations HST≤140 ℃ & TOT≤95 ℃ and Tamb profile on July 07, 2018, in Grenoble, France. For the given C&T limitations, the TOT limit (95 ℃) is a limiting factor for Tamb > +2 ℃ (see Figure 14). At the same time, the Tamb profile in Figure 20 varies between +10 ℃ and +18 ℃, which is higher than this critical Tamb. Thus, this explains why TOT is a limiting factor.

Figure 20 Feasible region limited by the TOT only

Current+HST limit: Figure 21 shows a feasible region for HST limit ≤ 120℃ &TOT limit ≤ 105℃ and Tamb profile in Tomsk on January 15, 2019. Figure 21 shows that once Tamb crosses the critical Tamb = -17 ℃ (Figure 14), the limiting factor shifts from current = 1.5 pu to HST limit = 120 ℃. 

Assessment of dynamic transformer ratings

This section provides the results of the DTR assessment in Tomsk and Grenoble. As mentioned in section 1, DTR estimations should be based on long-term data of Tamb in each geographical area. For instance, climate science recommends considering at least a 30-year-long interval to obtain representative results [START_REF]Guidelines on the Calculation of Climate Normals[END_REF]. Therefore, the case study is based on the hour Tamb for the 34 years from January 01, 1985 (the data availability) to March 29, 2019 (the time of data downloading) in Tomsk, Russia and Grenoble, France (Figure 22) [START_REF] Meteoblue | history+ -Historical weather data since 1984[END_REF]. 23). In Figure 23, the yellow area is reserved for the HST limit only as in Figure 17. In contrast, the top line of the feasible region in Figure 23 corresponds to the black line. Figure 23 allows seeing that the black line shape (a limiting factor) of these feasible regions is variable. To quantify this DTR variability, mean DTR and its maximum and minimum deviations are estimated for the given (the most common) formulations of C&T limitations. (Figure 24). The bars in Figure 24 estimate DTR, based on continuous or design HST (the dark green bar) and DTR, based on C&T limits (other bars). Note that many papers estimate DTR using the continuous HST only (dark green bars). This allows scientists to avoid problems with accelerated ageing, which is an advantage. However, as a drawback, they ignore a substantial part of DTR, confined by C&T limitations. For instance, in [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF], [START_REF] Lloyd | Real-time thermal rating and active control improved distribution network utilisation[END_REF], authors estimated that DTR provides 6%-10% additional transformer capacity in the United Kingdom. This correlates with our dark green bars, showing that the mean DTR delivers 15 % of extra power over nominal rating in Tomsk Russia and 6% in Grenoble France. Similar results are obtained in [START_REF] Michiorri | Investigation into the influence of environmental conditions on power system ratings[END_REF], [START_REF] Kopperud | Dynamic Current Rating of Power Transformers The effect of maximum temperature and thermal ageing[END_REF], where the capacity of power transformers is estimated up to 10% above the nameplate rating.

Nevertheless, as shown in Figure 24, using C&T limits can ensure up to 45 % of additional transformers capacity in Tomsk and 41% in Grenoble. This is around 30-35 % more power than DTR, based on the continuous HST (dark green bars). Our estimation is also higher than the similar evaluation for Greece (using 140 ℃-HST limit and a typical load profile), where permissible overloading was from 21 to 29 % above nameplate ratings [START_REF] Kartas | Power Transformers Overloading[END_REF].

It is noteworthy that this additional power leads to transformer operation at the increased HST. However, DSO may use the flexibility from DER to control this load amplitude and duration. Hence, DTR coupled with DER management provides additional freedom for system operators in power systems operation. At the same time, this degree of freedom may change during a year following DTR seasonal variations. Therefore, it was decided to estimate DTR for all C&T limitations per month (Figure 25) As mentioned earlier, the dark green bars are a classic example of DTR, studied in many papers [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF]. However, these papers do not consider other bars shown in Figure 25. This leads to a very conservative estimation of DTR.

It is necessary to explain some particular bars in Figure 25. For instance, yellow and light green bars are always equal in both cities. This means that the HST limit = 120 ℃ is always reached before the TOT limit (95 ℃ or 105 ℃) in both climates. This happens since the Tamb in studied cities is always below than critical Tamb +45 ℃ shown in Figure 14. Hence, HST remains the unique limiting factor for these two C&T limitations.

Moreover, the reader can notice that red and orange bars in Tomsk do not have any deviations in the winter months. This means that the current limit is always reached earlier than temperature limits. Thus, bars whose loading equals 1.5 pu are current-limited, and bars below 1.5 pu are temperature-limited. Therefore, Figure 25 is an example showing how the limiting factor may shift between current to temperature during the year. Thus, Figure 25 represents an example of how different C&T limits pre-define the amplitude of DTR.

In addition to DTR amplitude (bars in Figure 25), it is necessary to estimate DTR duration. Typical DTR duration curves in Tomsk and Grenoble are presented in Figure 26. Therefore, Figure 26 shows how different C&T limits pre-define the duration of DTR.

Figure 26 DTR duration curves of the same ONAF transformer in Tomsk and Grenoble

To find such a duration curve, it is necessary to sort all values of the DTR profile in descending order. This gives us the y-data of Figure 26. DTR duration (x-axis) is obtained as follows:

1pgq r (1: ` f) = (1: ` f) (` f) × 100% (8) 
Where N -a numerical order of y-data (DTR sorted in descending order).

X-axis shows the amount of time (in %) when DTR exceeds the value selected on the duration curve. For instance, the classical DTR (dark green curve) exceeds a nominal rating of a transformer for 88,5 % of the time in Tomsk and 79 % of the time in Grenoble. However, this also means that the classical DTR is below the nominal rating during 11.5% and 21 % of the time. This result correlates with the conclusions of many authors, stating that DTR can be below the nominal rating for a short period [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF]. Meanwhile, duration curves of DTRs based on the HST limit remain higher than the nominal rating for 100 % of the time in both cities. These results quantify DTR duration based on C&T limits, which is often ignored in similar studies.

Finally, the main limiting factor of DTR can be identified for Tomsk, Russia and Grenoble, France. The easiest way to do that is to take a Tamb history in each city and see the limiting factor for each Tamb range in Figure 14. For instance, let us assume that Tamb is -10 ℃, and DTR formulation is current ≤ 1.5 pu, HST≤120 ℃ and TOT≤105 ℃. For this Tamb, the limiting factor is the HST=120 ℃ (see Figure 14). Figure 27 shows limiting factors and their occurrence expressed in % of the studied period. Pie chart colours correspond to the colours of lines in Figure 14.

Let us come back to our discussion that some papers [START_REF] Kostin | Urban substations transformers allowed loading[END_REF]- [START_REF] Arguence | Sizing power transformers in power systems planning using thermal rating[END_REF] assume HST as a primary limiting factor. For instance, Figure 27 shows that DTR based on the continuous temperature has HST as a limiting factor 99,9 % of the time in Tomsk and 100% in Grenoble. Indeed, current or TOT limits do not affect the limiting factor of a studied ONAF transformer, whatever the climate is chosen. However, suppose one uses a higher (intermittent) HST and TOT limit. In that case, the current becomes a primary limiting factor from 9% to 51 % in Tomsk.

It is necessary to emphasize that the HST is no longer a limiting factor for formulation: current ≤ 1.5 pu, HST ≤140 ℃ and TOT ≤ 95 ℃. Therefore, the assumption that HST is always a limiting factor can be fully and partially valid for other formulations but also very wrong for current ≤ 1.5 pu, HST ≤140 ℃, and TOT ≤ 95 ℃. Therefore, it is necessary address a limiting factor

Recommendations for transformer overloading

This section proposes recommendations for transformer overloading based on a feasible region.

First, the green area of the feasible region in Figure 17, Figure 19, Figure 20 and Figure 21 can be a reference for a system operator to avoid any accelerated LoL. Thus, system operators can always keep the transformer loading within the green area and prevent any accelerated LoL. As found in Figure 24, the green area provides 6 % over nominal rating in Grenoble and 15 % in Tomsk. Secondly, the yellow area can be a reference to keep the transformer loading within temperature limits. The yellow area provides up to 41 % of additional capacity in Grenoble and 45 % in Tomsk.

However, the system operator should be aware that the operation in the yellow area may cause the accelerated LoL. Therefore, it may be useful to quantify the worst-case LoL, which can happen if the system operator keeps the loading within the yellow area. To do that, it is necessary to define the worst case of overloading (the amplitude and duration). The worst overloading from LoL perspective should happen if the loading is equal to the top border of the yellow area during the whole day. Hence, the worst case would be if the loading remains equal to the top line of HST limit (120 ℃ or 140 ℃ depending on DTR formulation). In such a case, LoL will be the most severe since the transformer operates at the maximum allowable HST. Thus, the most severe LoL can be estimated by formulas ( 9)-( 10):
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Where T is the duration of the studied period (1 day).

Equation ( 9) corresponds to the case if insulation paper is Kraft paper. To remind, the Kraft paper has a continuous HST= 98 ℃ which was assumed for studied ONAF transformer. However, a new ONAF transformer can be equipped with TUP having the continuous HST =110 ℃. In this case, equation [START_REF]Electrical Network Design for Offshore Wind: Analysis, Mathematical Modelling, and Optimization[END_REF] should be used. Table 9 shows a LoL estimation by ( 9)-( 10) for HST limit = 120 ℃ and 140 ℃ correspondingly. 9 can be converted to overloading occurrence expressed in approximate days per year. To do that, we suggest using our own formula (11).

( + 1) • ~≤ 365 (11) 
Where x -unknown, meaning the occurrence, days per year

The meaning of this formula is that the sum of the overloading days and "compensating" days is less or equal to the number of days in the year. Thus, Table 10 shows the admissible occurrence of overloading calculated by equation (11). The number of compensating days is calculated as the difference between 365 days and overloading days. Depending on the insulation paper, the worst day operating at C&T limits may be equivalent to 2.7 to 128 days running transformer at the design (continuous) HST. Therefore, such overloading may be tolerated from 98 days to 2 days per year (Table 10). Hence, the number of days necessary to compensate for accelerated ageing varies from 267 days to 363 days.

These results do not necessarily mean that transformer should be out of service during "compensating" days. Following our next estimations, the studied transformer ONAF can still be loaded on average for 64-89% from a nominal rating. This non-evident result can be explained by the exponential interrelation between HST and Ageing Acceleration Factor (AAF) shown in Figure 28 (y-axis has a log scale). Figure 28 shows that AAF exponentially reduces (see log y-axis) while HST linearly decreases (see x-axis). System operators may benefit from HST-AAF dependency by operating the transformers at low HST during some days to compensate for the accelerated LoL during another day. As mentioned earlier, transformers can still operate at 64-89% from their nominal rating for such compensating days. To explain how 64-89% are calculated, let us assume that the transformer operation during compensating days should not exceed 1 % of normal ageing (% could be set lower to make the ageing negligible). Although a little excessive ageing is possible at the end of the year (as it is not totally 0 % during compensating days), 1 % value demonstrates the principal idea of mutual ageing compenstions. Also, DSO may adjust overloading allowances during the next period to consider a small excessive ageing from 1% value at previous periods.

If 1% ageing is assumed for the compensating days, it is necessary to choose such HST when LoL would be 1 % of normal LoL (see flags in Figure 28). In accordance with equations ( 9)-( 10) for the continuous HST = 98 ℃ such HST1% = 58 ℃28 and for the continuous HST = 110 ℃ such HST1% = 70 ℃ correspondingly. Note that the loading corresponding to these HST1% would vary as a function of Tamb. That is why if knowing the historical Tamb in Tomsk and Grenoble (shown in Figure 22), it is possible to find loadings corresponding to these HST1%. To do that, a similar algorithm, presented in section 2, can be used. However, instead of a temperature limit, it is necessary to use HST1%.

Figure 29 shows loadings (black lines) corresponding to HST1% = 58 ℃ and 70 ℃ in the range of Tamb from -50℃ to +50 ℃ (x-axis in Figure 29). These black lines are relevant for the given ONAF transformer. Still, its admissible loadings may differ in each geographical location as the latter has particular Tamb conditions. For instance, Figure 29 shows the histogram of Tamb in Tomsk and Grenoble. Figure 29 shows that a histogram of Tamb tends to some particular loadings. To calculate a similar histogram of transformer loadings, it is sufficient to take each Tamb (on Figure 29) and find the corresponding loading (on the black curve in Figure 29). Figure 30 shows the resulting histogram of transformer loadings in Tomsk and Grenoble. Two observations can be found from histograms shown in Figure 30. First, the shape of histograms always remains the same, whatever the insulation paper is used. It seems that histograms of Tamb in each climate predetermine the form of loadings histograms. The only difference between the two types of insulation paper is a mean loading: 0.76 pu (0.64 pu) for Kraft paper and 0.89 pu (0.78 pu) for TUP. The second observation is that a mean loading at HST1% can be higher than a nominal rating (at least for Tomsk). It seems that the reason for such increased admissible loadings is a cold climate in Tomsk. Generally, Figure 30 proves that system operators can compensate the accelerated LoL even if operating a transformer at loadings close to the nominal rating. For such "compensating" days, a system operator can redraw the feasible region using HST1% as the temperature limit.

In addition to recommendations already presented in this section, it may be useful to discuss recommendations from other papers, which can be linked to the feasible region. For instance, system operators could update feasible regions at each hour. This would allow them to consider the actual loading and Tamb at past intervals to increase/decrease the feasible region at the following intervals. The general logic of such DTR updating can be based on receding horizon control [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF], also known as model predictive control [START_REF] Straub | Robust MPC for temperature management on electrical transmission lines[END_REF]. It would also be valuable to develop the advanced ageing model linking the LoL and failure effect. For instance, as it was done in [START_REF] Teh | Uncertainty Analysis of Transmission Line End-of-Life Failure Model for Bulk Electric System Reliability Studies[END_REF], [START_REF] Teh | Impact of the real-time thermal loading on the bulk electric system reliability[END_REF] for DTR of overhead lines or in [START_REF] Huang | Overload strategy of transmission and transformation equipment for safety operation[END_REF] for transformers. The probabilistic nature of a feasible region can be enhanced based on [START_REF] Bracale | A Predictive Stress-Strength Model Addressing the Dynamic Transformer Rating[END_REF], [START_REF] Bracale | A Probabilistic Approach for Forecasting the Allowable Current of Oil-Immersed Transformers[END_REF], [START_REF] Bracale | SmarTrafo: A Probabilistic Predictive Tool for Dynamic Transformer Rating[END_REF]. Moreover, system operators should reduce the current limit of a feasible region to the rating of tap changer or bushings if some limit transformer loadings, as shown in [START_REF] Pasricha | A method of improving transformer overloading beyond nameplate rating[END_REF]. The effect of harmonics, unbalancing, moisture in the oil-insulation system, oil viscosity should be carefully assessed since they can significantly reduce the thermal rating of transformers [START_REF] Godina | Effect of Loads and Other Key Factors on Oil-Transformer Ageing: Sustainability Benefits and Challenges[END_REF], [START_REF] Mcbee | Demand Side Management Effects on Substation Transformer Capacity Limits[END_REF].

Conclusions

In summary, DTR for various C&T limitations was assessed for better modelling of DTR. In contrast to similar studies, all limiting factors (current, HST and TOT) and their combinations were considered. This allowed assessing DTR parts, which were usually omitted in similar studies. At the same time, our results showed that this omitted DTR represents a large transformer capacity in the range from 25% to 45 % nominal rating. Moreover, DTR duration curves prove that this additional DTR capacity is higher than the nominal rating during 100 % of the time in contrast to classical DTR, which is 88,5% in Tomsk and 79 % in Grenoble correspondingly.

The attention should be paid to the fact that this additional capacity is operated at increased HST. Nevertheless, modern DSO may use DER to control the shape of transformer loadings. This allows controlling the amplitude and duration of transformer loadings, making them feasible from both sides: C&T limitations and ageing. Furthermore, this provides more freedom for system operators to manage the power systems. This additional capacity can be especially relevant if one recalls that the HV/MV substation cost can vary from 500 k€ to 1.5 M€. Therefore, DSO may take an advantage of DTR and DER to defer significant investments into the transformer reinforcement.

Another result of this chapter is that using a typical (net) load profile can be avoided for DTR determination. Instead, it is possible to build a feasible region of load profiles based on Tamb only. Thus, multiple shapes of load profiles can be considered and not only typical ones.

Moreover, the DTR assessment showed that the main limiting factor is sensitive to the chosen formulation of C&T limitations. For instance, HST partially or fully remains a limiting factor for most formulations. However, HST does not affect DTR for the formulation: HST ≤140 ℃ and TOT ≤95 ℃. At the same time, many papers considered HST as the main limiting factor, which is not necessarily true as results showed.

Finally, the recommendation is formulated to consider the entire feasible region of loadings. The worst LoL is quantified, and the number of overloading days per year is calculated. Moreover, it was shown that the compensation of accelerated LoL can be ensured at loading around 64-89% of the nominal rating. Thus, system operators can still use transformers at relatively high loadings and at the same time compensate for the accelerated LoL.

Following the philosophy of open science [START_REF] Barthez | Passport for open science[END_REF], it was decided to make available MATLAB scripts, functions and the initial data used in this thesis. Thus, the MATLAB code used in this chapter is available in open access at the GitHub repository [START_REF] Daminov | MATLAB code and data for IJEPES article[END_REF]. 

C1

It is suggested to model DTR using a feasible region. In contrast to other techniques, this method allows assessing the permissible operation of the transformer above their design temperatures. Thus, it becomes possible to consider about 30-35 % of hidden transformer capacity, ignored in similar studies. Moreover, no load profile is required to model DTR with a feasible region. This allows avoiding converging to lower DTR shapes. Besides, a feasible region considers variations of power limit as a function of C&T limitations. This is mentioned in the IEC standard, but no explanation was provided. Thus, this contribution fills this gap.

As a new modelling technique was proposed, it was necessary to reassess DTR. In contrast to other studies, DTR is assessed for multiple C&T limits. This allows to determine power limits and to identify their limiting factors. On the one hand, this confirmed the commonly accepted vision that the winding temperature is a primary limiting factor of DTR. On the other hand, it was shown that winding temperature might be less or totally unrestrictive for DTR for particular C&T limits.

Finally, recommendations for transformer overloading using C&T limitations were formulated. Specifically, it was explicitly shown that transformers may still be loaded up to 89 % while exposed to negligible ageing. In addition, the number of days of permissible operation above the design temperature but within C&T limits is calculated. This complements approach on the intermittent temperature limit, which is currently adopted by IEC and IEEE standards.
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Chapter III Reserve capacity of transformers for a load connection

In the coming years, the massive electrification and the development of DER may require a heavy reinforcement of distribution networks. As a result, transformers in distribution networks may double their number by 2050. If this prediction sustains, it would require significant investments from electric network companies but eventually from final consumers. The latter pay all costs of network reinforcement through various tariffs. However, such predictions assume that the transformer should be uprated once a load exceeds its nominal rating. This is a conservative assumption as our investigations in chapter II showed that transformers, if using C&T limitations, still have a significant capacity above nominal rating. Hence, this chapter answers the question: how much load can be connected to transformers if using C&T limitations instead of conservative power ratings.

To better understand the studied challenge, section 1 describes the problem of reserve capacity in Russia. Russia is chosen as a reference country in this thesis because it is considered one of the top performers showing best practices in load connections. Moreover, Russian industry nowadays actively discusses the topic of reserved power. Briefly, in Russia, consumers may have to pay for the reserved power they requested during technological connection but did not use it during operation. Sections 1.1-1.3 explains the reasons for this problem, solutions proposed by industries and especially the data on how many substations lack the reserve capacity.

Nowadays, a few thousand primary substations in Russia already cannot connect more load. To better understand this situation, section 2 gives the overview of the existing DSO approach in Russia used to evaluate the reserve capacity of a substation. Once the existing approach based on power ratings is introduced, section 3 presents our proposed method based on C&T limitations. Using the example of real substations in Russia, it was found that C&T limitations might unblock the significant capacity for a load connection. Hence, DSO may continue connecting more consumers to existing substations without violating the C&T limits of transformers.

Developments of DER and aggregators services enable DSO to mitigate power constraints. This flexibility might be merged with the existing practice of DSO when it is used to connect more consumers if load-shedding automatics were in place. Similarly, we believe that DSO may connect more consumers to existing substations if having enough flexibility in place. Thus, in this chapter we extend our investigations on reserve capacity by coupling DTR together with demand response (DR). The specific question of this section was formulated as how much DR is needed to connect the given load if using DTR? To answer it, the reader may first see the literature review on using DR together with DTR (section 4.1). Then, the next sections 4.2-4.3, explain DR modelling and the formulation of the optimization problem. Finally, section 4.4 presents validation results and the approbation on the MV/LV substation. Results showed that coupling DTR with a small volume of DR significantly increases the reserve capacity of transformers. The latter may operate far beyond their nameplate ratings. 

Introduction

Nowadays, companies worldwide consider getting electricity the fifth-biggest obstacle for business (see Figure 31) [START_REF]Getting Electricity Indicator -What it measures, Why it matters, What are the results, and good practices?[END_REF]. That is why "getting electricity" was used as one of the principal criteria in World Bank's annual report "Doing business" to evaluate business conditions worldwide. In this report, the criterion "getting electricity" consists of two main components: a technological connection 29 to substations and supply reliability. Hence, the problem of a load connection has the special attention of DSO and business communities all over the world. To be more specific in this thesis, the case of Russia will be the focus of this chapter. On the one hand, Russia is chosen because World Bank considers it one of the top countries demonstrating the best practices for load connections (measured in the number of procedures, time and costs and reliability indexes, see Figure 32) [START_REF]Getting Electricity Indicator -What it measures, Why it matters, What are the results, and good practices?[END_REF]. On the other hand, the Russian energy community currently discusses a reserved network capacity. This is an integral part of a load connection problem where transformer capacities play a major role. Biggest obstacles faced by companies,%

Problem: low loadings of the electrical network in Russia

Like many other countries, Russia has been facing the problem of a low-loaded electrical network. For instance, the electrical network in the USA may be loaded for 25 % of its nominal capacity [START_REF] Shah | Utilities aren't rewarded for saving money[END_REF]. In 2015, Russia had almost the same average loadings -26,8 % [START_REF] Россети | Динамика загрузки мощности электросетевого оборудования за последние годы и влияющие на нее факторы[END_REF]. For example, Figure 33 shows loadings of network equipment in Russia during 2012-2015 estimated by the main network company Rosseti 30 . As can be seen, the network loading in Russia was constantly reducing during these three years. Among these reasons, the main cause of low loadings was referred to a consumer's overvaluation of their maximal load during a technological connection [START_REF] Россети | Динамика загрузки мощности электросетевого оборудования за последние годы и влияющие на нее факторы[END_REF]. This happened because consumers had no financial responsibility if their requested maximal load 31 at the stage of a technical connection would really be consumed during the operation. Therefore, consumers were prone to ask for more network capacity than they actually needed. As a result, Rosseti claimed that they had to build large network capacities, which consumers do not utilize for the mid-term. For instance, from 2011 to 2018, Rosseti built 88 GW of network infrastructure at the request of consumers while the actual load for the same period increased only by 8 GW [382]- [385]. Rosseti also estimates that they commission 14 GW of "non-used" 30 Rosseti or Russian grids is an operator of transmission and distribution networks in Russia. The company maintains 2.37 million km of power transmission lines, 517,000 substations with transformer capacity of more than 802 GW. 31 The requested maximal load is a maximal load which consumer indicates in his application while asking DSO for technological connection. It is forbidden to consume more load than it is indicated in the application.

network capacity each year [386]. Suppose one estimates the CAPEX needed to construct these capacities. In that case, one can get costs, which may be avoided since existing network reserves should be sufficient to connect new consumers.

In general, Rosseti estimates that around 60% of existing network capacities, i.e. more than 100 GW, are not utilized . This unused capacity is typical for both small and large consumers. It is distributed as follows: 58 % (59 GW) belong to small consumers (below 670 kW), whereas 42 % (43 GW) belong to large consumers (higher 670 kW) [385] (44% per [START_REF] Cigre | В Совете Федераций обсудили проблему резерва мощности и развитие интеллектуальных[END_REF]).

Another reason why consumers request more network capacity than they really need is that connection fees do not include actual costs, especially for residential and small commercials.

For instance, if a connecting load is below 15 kW (typical for residential consumers), the consumer should pay around €6 32 . In contrast, actual costs may reach €5 700 on average (see Figure 34). [START_REF] Россети | Динамика загрузки мощности электросетевого оборудования за последние годы и влияющие на нее факторы[END_REF]. Since consumers pay only negligible fees for their connection to the electrical network, most real costs are included in a tariff for electrical energy consumption. This means that actual costs of the connection for one consumer are distributed among all existing consumers while they pay electrical bills. Such a state of a thing is financially beneficial for the particular consumer because other consumers pay real costs, which are spent to connect his facilities.

However, despite such an already beneficial situation, some consumers may manipulate their applications for the technological connection to minimize their connection costs even more [386]. For instance, an applicant may need to connect 1 MW of load. However, consumer may split 1 MW into several 150-kW parts to benefit favourable fees for 150 kW (where CAPEX is excluded). Hence, such companies pay a few dozen euros instead of € 350 000 for their technological connection [386]. This allows such companies to reduce their connection fees significantly by increasing a tariff for all consumers. The following paragraphs provide a short overview of how a tariff for electrical energy consumption is calculated in Russia to understand this mechanism better.

First, it is necessary to highlight that Russia has wholesale and retail markets like many other countries. Figure 35 shows the main interactions between principal buyers and sellers at both markets [START_REF] Np | The modern market-based electrical energy industry of Russian Federation[END_REF]. Generating companies (sellers) trade the produced energy with suppliers and large consumers at the wholesale market. They mainly use either regulated contracts (the left arrow) or unregulated prices (the right arrow). Further, suppliers and retail generation sell this energy at the retail market for final consumers. There are two principal categories of consumers (excluding particular cases): a population and those who have equal status and all other consumers. Population and those with equal status use the electricity for household needs, i.e., not creating profit [391]. Some non-residential premises also belong to the "population": private garages, bathhouses, barns and cellars. Non-residential premises, used for commercial purposes (pharmacies, offices, stores, salons, etc.), are included in the "other consumers" tariff group. The prices for "other consumers" are markedly higher than the tariff for households and differentiated: by voltage level, price rates (day-night; peak-off-peak-semi peak, hours), day-ahead planning of consumption, a grid tariff (one rate or two rates) among others. Figure 36 shows that residential consumers in Russia buy electrical energy using regulated tariffs. In contrast, all other consumers buy electrical energy based on unregulated energy prices. For each case, it is possible to see the composition of the final price (see Figure 36)

Figure 36 The composition of prices for electrical energy. Source: [START_REF] Np | The modern market-based electrical energy industry of Russian Federation[END_REF] In both cases, the final price contains:

1. The indicative price 34 (defined by a regulator) or the unregulated price.

2. The tariff for transferring the electrical energy through electrical networks 35 , 3. The supplier premium 36 , 4. Infrastructure costs 37As a technological connection is related to the tariff for transferring electrical energy, the next paragraphs will explain how this tariff is formed. Note that tariffs for transferring the electrical energy for various tariff groups may be calculated differently and sophisticatedly. To keep our explanation simple, it was decided to focus only on the basics. If interested, the reader may see a full methodology with particular cases in the normative documentation [392] and the market Council's presentation [START_REF] Нп Совет Рынка | Основные положения функционирования розничных рынков электрической энергии[END_REF].

As nowadays, an activity of network companies in Russia remains regulated, it is necessary to address a notion of a total revenue requirement (TRR). TRR is the economically justified amount of financial resources needed for the network company to carry out its activity during the reference period. In a simplified way, TRR is a sum of the following costs for the given year: Once TRR is calculated for the next reference period, usually six months ahead, network companies send TRR to a local authority regulating the tariffs (a regulator). This regulator is either a committee on prices and tariffs or a regional energy commission. The local regulator should totally or partially approve the TRR of network companies. The regulator will define tariffs for electrical energy consumption for the next calendar year in the given region. While determining the tariff, the local regulator cannot exceed the range established for each region by the Federal Antimonopoly Service of the Russian Federation. To calculate the grid tariff, it is necessary to sum up all expenses (this gives TRR) and divide it for the net energy output from the electrical network to consumers: (12) Once the mechanism of tariff calculations is defined, it is necessary to return to our discussion on connection fees. To remind, it was mentioned that consumers pay only a tiny fraction of the real costs needed to connect their facilities. The network company includes remaining costs into TRR, which the local regulator then uses to calculate the tariff for energy consumption in the given region. Thus, consumers whose requested maximal load matches the actual load have to pay the construction and maintenance of network capacities requested by other consumers. At the same time, the scale of unused power in an electrical network can be measured in many GW [385], [387], [388]. For instance, Figure 37 shows how the network capacity 35 kV and above (in total, 292.4 GW) was utilized by the end of 2015. 
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The mechanism as a solution for low-loaded network

For more than 8 years, the Russian government has been developing a mechanism to solve the problem of reserved capacity. Specifically, such a mechanism should establish consumers' obligation to pay for electric power transmission services, considering the payment for reserved capacity [395], [396]. Efforts to introduce this payment mechanism started in 2012 when the Rules for Retail Markets [START_REF] Россети | Динамика загрузки мощности электросетевого оборудования за последние годы и влияющие на нее факторы[END_REF] suggested specific solutions for the reserved capacity. In April 2013, the Russian Government approved the "Strategy for the Development of the Electric Grid Sector of the Russian Federation until 2030". This strategy sets the development of a procedure for reserve payments by consumers, deadlines for introducing the payment mechanism and categories of consumers to whom this procedure will apply [395].

In 2018, the Ministry of Energy prepared a first draft of the project establishing the new payment mechanism for electricity transmission services, taking into account the payment of the reserved capacity [START_REF] Россети | Динамика загрузки мощности электросетевого оборудования за последние годы и влияющие на нее факторы[END_REF]. The project was supposed to be approved in 2019, but discussions with the energy community continued during 2019. However, some media [384] already claimed (apparently mistakenly) that the Russian government took the favourable decision on its approval. In September 2019, the Ministry of Energy returned with the new project. Some fees were adjusted for consumers with distributed generation and consumers complying with increased reliability requirements [386]. But again, the project did not find support from many energy community members. Thus, in April 2021 [397], the Ministry of Energy decided to update the project draft, taking into account new remarks and suggestions from the energy community. Eventually, the Ministry of Energy returned in July 2021, with the revised project having reduced some requirements for consumers. Up to the moment of writing this text (summer 2021), the government portal [START_REF] Россети | Динамика загрузки мощности электросетевого оборудования за последние годы и влияющие на нее факторы[END_REF] indicated that the project was at the new round of discussions.

The main suggestions of the Ministry of Energy concerning reserved capacity [START_REF] Cigre | В Совете Федераций обсудили проблему резерва мощности и развитие интеллектуальных[END_REF]:

1) Consumers whose maximum load is higher than 670 kW must pay the reserved capacity if the following conditions coincide:

(a) Actual load in each month of the previous year did not exceed 60% of the consumer's maximum load declared in connection agreement; AND (b) Actual load in the accounting month of the current calendar year does not exceed 60% of the maximum load (defined in a connection agreement);

2) The fraction of maximum load, which should be paid, is calculated as a difference between maximum load and actual load considering the payment coefficient (K). it was planned to avoid rapid financial pressure on consumers. Therefore, K shall gradually increase during three years from 0.05 to 0.6. (see illustrative example in following paragraphs).

3) Payments for the reserved capacity are determined according to the tariff for the maintenance of electric networks; 4) Consumers with a distributed generation, for which the external network serves as a reserve power source, should pay grid maintenance costs to the grid companies.

The numerical example of reserved capacity

To better understand the payments for reserved capacity, let us see how the project calculates it on the simplified example [398], [399]. Let us take a Tomsk region in January 2021 and a consumer (not a population category!) who is connected to a 20 kV distribution network with the following initial data:

The requested maximal load of the consumer during the application: Pmax = 10 MW

The measured peak load of the consumer in January 2021: Pactual = 2 MW;

The value of the reserved power for January is then calculated as:

P ! = ‰ • -‰ (13) 
P ! = 10 Š‹ • 1 -2Š‹ = 8 Š‹ (14) 
Note that is a coefficient applied if the load interruption may have ecological, economic or social consequences. Otherwise, = 1 as it was assumed in our simplified case.

The consumer will pay the reserved power at the end of the year if 0 ! was exceeding 40 % each month. In other words, the consumer must pay the reserve capacity if the following condition is true:

0 ! = P ! ‰ • 100 % ≥ 40 % (15) 
Let us calculate 0 for the given example:

0 ! = 8 Š‹ 10 Š‹ • 100% = 80 % ≥ 40 % gp` (16) 
The condition [START_REF] Sarker | Co-Optimization of Distribution Transformer Aging and Energy Arbitrage Using Electric Vehicles[END_REF] is true, and then the consumer must pay for the reserved capacity. The general formula for the payment of reserved capacity is determined as follows:

P !_ #! = P ! • ( 17 
) Where K is coefficient: = Ž
100 % rz q''•r"q r r{ {p ‡r `f qz `g 01.07. 2019 5% -60 % rz q''•r"q r r{ {p ‡r `f `z g` 01.07.2019 [START_REF] Powell | Controlled workplace charging of electric vehicles: The impact of rate schedules on transformer aging[END_REF] If the consumer submitted its application before July 1 2019, the consumer should pay only part of the reserved capacity. In such case, K is defined depending the current year: in 2020 -5%, in 2021 -10%, in 2022-15%, in 2023 -20% and in 2024 -60 % [400]. Otherwise, if the consumer applied after July 1 2019, the project requires paying 100 % of reserved power. Let us assume in our simplified example that the consumer was connected before July 1, 2019. In this case, the coefficient K for 2021 equals 10%. Thus, the reserved power to be paid is calculated as follows:

P !_ #! = 8 Š‹ • 10% 100% = 0.8 Š‹ (19) 
The final payment for the reserved capacity is calculated as follows:

S ! = P ! •''" • (20) S ! = 0.8 Š‹ • 18 093 € Š‹ • ‡ ℎ - = 14 475 € (21) 
Where '`gq are fees in €/MW•month for maintaining the 20 kV electrical network in a given region (defined by special commissions in charge of tariff). In Tomsk region = 18 093 € Š‹ • ‡ ℎ -for the first 6 months of 2021 [401].

Discussion on suggested mechanism in industry

For consumers, the introduction of this mechanism is expected to reduce the tariff 38 . This should be thanks to payments for a reserved power of those consumers who decided to keep it. Notably, the project obliges DSO to inform the regulator about received payments for a reserved power. At the end of each regulatory period, the regulator excludes these payments from TRR (explained in the previous section) and thus reducing the tariffs for energy transfer services for all consumers. In such a case, consumers (whose requested and actual power vary less than 40%) should pay less, whereas consumers who keep the reserved power should pay more. In general, Rosseti estimates that the suggested mechanism will bring around €588. 

Headroom for increasing the reserve capacities

On the one hand, this mechanism should increase the reserve (not reserved!) capacity of existing substations either by motivating new consumers to request a capacity close to what they actually need or by encouraging the existing consumers to cede their unused power to DSO or other consumers. The latter option already exists in Russia [418], [419]. On the other hand, this mechanism may be applied only within the requested capacity (see Figure 39).

Figure 39 Hidden transformer capacity and the limitation of mechanism

Indeed, we believe that the reserve capacity may be still underutilized due to conservative assumptions of DSO. Looking ahead, DSO applies the coefficients 1.05 or 1.3 to the nominal rating to calculate the reserve capacity (more details are in section 2). To increase a reserve capacity beyond these coefficients, it is necessary to unblock hidden transformer capacity (see Figure 39). As shown in Chapter II, the application of C&T limitations can unblock the hidden capacity of transformers. Specifically, it was demonstrated that the permissible loading of the ONAF transformer in Tomsk was 15% higher than its nominal rating (the first bar in Figure 24). Moreover, the permitted overloading of such transformer (represented by the yellow area in Figure 16) allows expanding the transformer capacity even more: on average up to 45 % greater than the nominal rating. Hence, it may be concluded that the existing approach of DSO may be indeed conservative and thus underutilize a transformer capacity for load connections.

Instead of using 1.05 and 1.3 loading limits, DSO may use C&T limitations per IEC and IEEE guides while evaluating the reserve capacity of transformers. To assess the benefits of such an approach, we apply DTR to the problem of reserve determination. This research may be especially relevant because, for many years, Rosseti has targeted KPI for increasing network loadings [START_REF] Россети | Энергия для каждого[END_REF]. Moreover, following the recent report of Rosseti [START_REF] Россети | Годовой отчет 2020[END_REF], increasing the loading of the existing network remains the relevant task in 2020.

Another concept of optimizing transformer capacities [START_REF]Концепция оптимизации экономичности использования трансформаторных мощностей электрических сетей еэс россии[END_REF] cites recent Rosseti data (albeit without giving the particular source) that actual transformer loadings are 47.8 % in N-1 mode. The same report [START_REF]Концепция оптимизации экономичности использования трансформаторных мощностей электрических сетей еэс россии[END_REF] states that this loading corresponds to the average loading of transformers worldwide in 2019. Therefore, it may be concluded that the situation with low network loading by 2015 in Russia remains unchangeable nowadays. Moreover, it seems that if loadings in N-1 are around 48 %, then in N mode, they should tend to 24%, which is even less than 26% in 2015. However, the final loading value may depend on the methodology of how loading is calculated. For instance, the consumer community (https://en.np-ace.ru/) recently argued that the actual loading of transformers in Russia is already approaching 48% and not 26 % 39 [423], [396].

Although the data on transformer loadings in Russia should be published in open access, in practice, it is not always available as it is supposed. Without having the complete datasets on actual transformer loadings, conducting the holistic analysis was impossible. So, we decided to assume Rosseti data on 26% as actual network loadings in Russia and admit remarks from consumer communities. Anyway, the application of C&T limits may allow connecting more load to transformers in both cases, especially in closed substations as described in the following paragraphs.

Although average transformer loadings in Russia by 2015 were reported around 26 almost 17 % of primary substations% in the same year lacked the power for the connection of new consumers (see Figure 40 and Figure 41). In Russia, such primary substations are called "closed 39 Consumer community states that network loadings in Russia are not 26-35 % as Rosseti reports them but actually around 48% [423]. In accordance with [396] 26-35% loadings are calculated from the arithmetic sum of the full rated capacities of transformers. These values include significant transformer capacity, not directly related to the connection of specific consumers, but to the operation issues of electrical systems. Such as ensuring the transit and intersystem flows, including the power delivery schemes of large power plants; ensuring the power flow from adjacent substations, long lines, providing reliability (N-1) etc. Without taking into account the aforementioned capacity, which do not imply continuous use and are not subject to full loadings, but taking into account the N-1 criterion, the actual load of Rosseti network is 2 to 3 times higher than the loading 26-35%.

[meaning a congested] substations". The closed substation is a substation where it would be impossible to keep the required level of reliability and quality of transmitted energy in case of additional load growth [424]. From data of Figure 40 and Figure 41, it may be concluded that Russia has a significant number of closed substations (despite low loadings of the electrical network in general). For these substations, it may be relevant to unblock the transformer's hidden capacity for new load connections. However, before applying C&T limitations, it is necessary to present the existing DSO approach for evaluating the reserve capacity based on power ratings of transformers. 

Existing DSO approach in Russia for evaluating a reserve capacity

The reserve determination procedure is available in the plan of power system development of the Tver region (the region nearby Moscow) [START_REF] Тверской | Схема и программа развития электроэнергетики Тверской области на 2020 -2024 годы[END_REF]. Let us understand main stages involved in the procedure of reserve determination. Firstly, DSO collects and prepares the following input data:

 Nominal rating of power transformers located in existing primary substations kV and new transformers capacities installed after construction, reconstruction and expansion of primary substations, which may increase the reserve capacity per the plan of power system development.  Normal scheme of substation layout for the present year in N mode (no emergency or maintenance)  Up-to-date typical loading of transformers at existing primary substation 35-110 kV obtained from load measurement at winter for the last reported year or the maximal load during the previous three years. 40 The data on consumer applications for connections to primary substations 35-110 kV obtained after the last load measurement was taken.  The data on contracts of technological connection, which are not finished yet.  The load, which may be transferred to an adjacent substation through the MV-LV network 6-10-20-35 kV after an emergency or maintenance situation. Studies of AC load flows must be conducted to determine the permissible load transfer without special switching. If such a load flows analysis is absent, the load transfer must not be considered a technical possibility. In addition, if topology o network 6(10)-35 kV between adjacent substations 110 kV is normally open, then the load transfer is not applied.

Let us discuss essential assumptions taken by DSO while evaluating the reserve capacities.

Following DSO guidelines, it is sufficient to use the expert method of reserve assessment (discussed below). If, however, a more accurate calculation of the reserve capacity is required, DSO will conduct AC load flows. In such a case, DSO will iteratively or simultaneously increase the load in buses of studied primary substations until any technological limitations are met.

 DSO assumes that all consumers connected previously to studied primary substations should be seen as the second reliability category for power supply. This means that the load supply must be ensured via two independent power sources or network branches.  DSO does not consider the transfer capacity of line 35 kV and 110 kV while evaluating the reserve capacity of the primary substation.  DSO does not consider the maximal power of consumers declared in existing contracts for electrical energy transfer  DSO assumes that up-to-date loading of substations 35-110 kV does not change within the year.  Suppose some loads are to be connected to the studied primary substation. In that case, DSO assumes that they are already connected for the date of reserve evaluations.

At least once per 3 months, DSO must evaluate the reserve capacity of primary substation 35 kV and above. DSO evaluates the reserve capacity for each voltage level of primary substations while considering the reserve of other voltage levels. For instance, DSO should consider all contracts for technological connections to substations 35 kV and 10(6) kV supplied from primary substation 110/35/10(6).

If the substation has only one transformer, DSO will evaluate the reserve capacity in N mode.

The loading of a one-transformer substation up to its continuous loading limit is considered permissible. If the substation is equipped with two and more transformers, DSO will evaluate the reserve capacity in N-1 mode.

The existing reserve capacity of the primary substation with one transformer is calculated as:

S = • S -% ! (22) 
Where -a coefficient for continuous loading of transformer per [427]. For oil-immersed transformer: is 1.05 pu in emergency mode if no load-shedding scheme is available or is 1.30 if load-shedding scheme is implemented. For dry transformers: If no load shedding is possible, should be within limits set by manufacturer. If a load-shedding scheme is in place, the is 1.2 pu in emergency mode.

S

-is the actual nominal rating of transformer in accordance with technical documentation, MVA % ! -up-to-date loading of power transformer, MVA. DSO usually use winter load measurements for the last year while preparing the report/plans for distribution network development. However, if DSO prepares the information for publishing in open access, they also use the winter load measurement but for the last three years. Note that the summer load peak in some power systems may be significantly higher than the winter load peak. In such a case, DSO uses a summer load peak for evaluating the reserve capacity, and the Tamb must be imperatively considered.

The existing reserve capacity of the primary substation with two transformers or more and if they have the capability of mutual reservation in N-1 mode 41 is calculated as:

S = • S + % + % !# , + % ! # -% ! (23) 
Where -a coefficient for continuous loading of the transformer S -the actual nominal power of transformer (windings) in N-1 mode, MVA. Note that for N-1 mode, DSO considers the outage of the largest transformer. In contrast, outage of overhead line or bus system is not considered.

%

-a power, which may be transferred to other substations in N-1 mode if the LV-MV network allows doing that in normal layout without performing the special switching, MVA. DSO must perform AC load flows to define % . Suppose DSO can transfer the load to adjacent substations. In that case, the permissible loading of transformers can be increased for the value of load transfer but not greater than 30% of the nominal power of the primary substation in N-1 mode. However, if AC load flows were not performed, then % = 0. % !# , -a power, which may be transferred to other substations after emergency mode using the network 6-35 kV, MVA. The permissible load of transformer for defining % !# , is assumed equal to 1.05 pu.

% ! -Up-to-date loading of power transformer, MVA

% ! #
-reducing the primary substation's load to keep the electrical energy losses corresponding to normative levels. In such a case, DSO assumes that the reduction of the maximal load is proportional to the decrease of annual energy transfer through the substation. The normative levels for electricity losses are given in [427].

rz > 0 ℎ` % ! # = • % ! ℎ`g™r{` % ! # = 0 (24) 
a coefficient for load reduction at the studied primary substation for keeping the losses within normative levels:

= - (25) 
-actual losses of electrical energy at substation or outgoing feeders in the reported year, kWh -losses of electrical energy at substation or outgoing feeders in the reported year if keeping losses within a normative level, kWh -annual transfer from the primary substation in the reported year, kWh

Estimation of reserve capacity using C&T limitations

In contrast to DSO approach based on power ratings 1.05 pu and 1.3 pu, we propose using C&T limitations from IEC/IEEE standards. As it is already shown in chapter II, this can allow permanently operating the transformers up to 15% higher (in average) than nominal rating and up to 45 % if the intermittent temperature limit is considered. However, using C&T limitations instead of STR would require reconsidering some assumptions. For instance, additional overload capacity was obtained based on historical (i.e. deterministic) Tamb. Even though DSO may have access to historical Tamb, future Tamb may not correspond to historical ones, especially under global warming. As it is already found in several researches, global warming eventually reduces the available capacity for load connection 42 . Therefore, DSO should operate the probabilistic forecasts [START_REF] Brandão | Probability approach to installation studies of power transformers[END_REF] in such or another way.

Apart from Tamb changes, the shape of load profiles may vary significantly in future as more DER may connect to the distribution network or due to the high share of temperaturesensitive loads, microgrids among others. On the one hand, this requires DSO to consider probabilistic variations of load and Tamb over year. However, on the other hand, probabilistic techniques may not be available at DSO at the early stages. Therefore, it was decided to focus on a quasi-robust approach, which would avoid probabilistic methods at the early stages. After that, however, it is necessary to consider them in further steps.

Thus, this section aims to improve the existing method for a reserve determination to consider uncertainties of load and Tamb variation over the year. To manage these uncertainties, we decided to use security margins instead of probabilistic forecasts. These security margins should ensure that effects from particular uncertainties in thermal modelling would be reduced or overshoot with the high-security margin. Moreover, we would like to show that even under restrictive assumptions on load and Tamb variations, the application of DTR may significantly increase the reserve capacity of transformers.

As mentioned in previous paragraphs, the transformer overloading could happen due to underestimating input data -actual Tamb and/or irregularity of load profile. Therefore, it is necessary to ensure that reference input data (Tamb and load profile), used for reserve determination, have enough margins over their actual values. To achieve this goal, the approach is proposed to consider the Tamb and load profile of new consumers. In addition, the algorithm is developed to define a reserve of the congested primary substation with consideration of transformer's C&T limitations.

Consideration of ambient temperature uncertainty

As shown in chapter II, the Tamb may substantially impact the permissible transformer loading. Thus, it is necessary to consider the annual variation of Tamb for reserve estimation. For achieving this goal, the a quasi-robust but simple approach is proposed. In particular, it is suggested to use worse (the highest) historical Tamb at each month as the reference value over the whole month. This approach allows obtaining the worse HST and LoL of a power transformer against actual Tamb variations during a year. As initial data for worse Tamb calculations, the hour Tamb for the last 30 years (Figure 42) is taken from [429]. After analysing historical data, it is possible to build the Tamb histogram for each month (Figure 43 below). A conservative confidence interval of 100% is used to choose the highest Tamb from the given histogram. In the given example, the highest Tamb ever registered in September is +33 C -which provides a 100 % confidence interval. As an alternative, it is possible to use other confidence intervals -99%, 95% or 90%. However, it was decided not to study this opportunity and focus only on the conservative (the highest) Tamb in this thesis. Figure 44 shows the highest Tamb obtained correspondingly for each month. Tamb profile from Figure 44 will be assumed as Tamb nearby transformer. However, suppose DSO would like to model temperature sensitive loads. In that case, it may be better to use the actual forecast of Tamb over one year. Thus, DSO may assume the Tamb profile from Figure 44 nearby transformer (still keeping the secure margin) and the actual Tamb profile for temperature-sensitive loads. Of course, from the physical point of view, such a situation is over-hedging. But this will allow us demonstrating that even under such restrictive assumption, the reserve capacity may remain significant. Moreover, this allows using the security margins in thermal modelling of transformer against variations of real Tamb in the future due to possible climate changes.

This security margin appears for two reasons: (1) assuming the highest historical temperature of the given month and (2) assuming a permanent duration of the highest Tamb over the whole month. Thus, even if future Tamb is higher than those assumed in thermal modelling, their negative effect should be compensated. This is because the historical temperature was assumed constant over the whole month. In contrast, actual temperature will have a variable form by nature. At the same time, such an approach allows considering seasonal variations of ambient temperatures. The advantages for such Tamb consideration are following:

1. As the highest Tamb is set constant over the whole month, this allows considering the variation of future Tamb. Therefore, even if the real Tamb would be higher than the assumed one in thermal modelling, such a method reduces the adverse effect. Furthermore, real Tamb would not rise for a long time over assumed temperature but only for a short time. Thus, the negative effect from such underestimation will be negligible compared to the impact of using the historical peaks of Tamb during the whole month. Hence, it is possible to add a security margin against the effects of Tamb uncertainty on the HST and LoL of the transformer.

2. DSO may calculate the highest Tamb only once and then use it for all primary substations located in the same city or maybe region if possible. If new peaks of Tamb appear, then DSO could quickly correct the existing profile used in thermal modelling.

Consideration of new consumer load profile uncertainty

The load profile of new consumers may have various irregularities (i.e. a shape) during the year. Hence, it may be problematic to accurately define the final irregularity of load profiles at the stage of a reserve determination. As a result, the thermal states of the transformer, which heavily depends on a load profile, are also uncertain. This uncertainty does not allow to correctly define the accurate reserve of a primary substation through thermal modelling. Idem if DSO would like to consider C&T limitations.

Thus, this section presents a simple approach to consider all possible load profile irregularities of new consumers. To do that, we propose to use a constant load profile (equal to its peak load) as the reference load profile of the new consumer (see Figure 45). Such assumption allows obtaining the worse temperature and ageing concerning any other load profiles with equal peak load. Hence, it is possible to define the reserve capacity for a worse case. 

Initial data

To verify the proposed approach, it is necessary to compare its results with similar results of the conventional DSO approach. To do that, we investigate the real congested primary substation. This primary substation has two ONAF power transformers, 25 MVA, located in Tomsk, Siberia, Russia. Transformer parameters, used for their thermal modelling, are taken from [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] and presented in Table 13 below. Note that the values of Table 13 are conservative since IEC 60076-7 was intended to represent the whole transformer fleet by using the same set of thermal characteristics [START_REF] Susa | IEC 60076-7 loading guide thermal model constants estimation[END_REF]. Generally, the thermal characteristics of transformers are obtained by performing so-called nontruncated heat run tests [71]. Non-truncated heat run tests mean a situation when a constant load is applied to the transformer until reaching the steady-state (constant) temperatures of an oil and a winding [START_REF] Wang | Top-oil temperature modelling by calibrating oil time constant for an oil natural air natural distribution transformer[END_REF]. The reader can see [START_REF] Susa | IEC 60076-7 loading guide thermal model constants estimation[END_REF], [71], [START_REF] Gao | Methodology to assess distribution transformer thermal capacity for uptake of low carbon technologies[END_REF] for more details on thermal characteristics and the equations of IEC 60076-7 [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF].

Figure 46 shows the initial load profile of the primary substation and the reference Tamb profile. The reference Tamb graph for Tomsk is taken from Figure 44. The reference load profile is synthesized by taking the maximal measured load for the previous five years at each time step. 

Estimating the transformer reserve with a conventional approach

The conventional DSO approach determines a reserve as the difference between the lowest transformer capacity with 5% overloading in N-1 mode (in this case SN-1 = 1.05 pu = 26.25 MVA) and the peak load of the primary substation (according to Figure 46, Sload max = 1.2344 pu):

% = 1.05 • % '() -% š ! (26) % = 1,05 • 1 -1,2344 = -0.1844 'p = -4 610 › oe (27) 
According to the conventional approach DSO does not have any reserve at this primary substation. Thus, any load connection would be restricted to this substation. Moreover, the reserve is negative (-4 610 kVA). This means that a power supply capability of the given primary substation could be limited for almost 5 MVA load in N-1 mode. Therefore, it implies that DSO plans large capital expenditures to reinforce two 25-MVA transformers at this primary substation.

Estimating a transformer reserve with C&T limitations

To assess the proposed approach, it is necessary to determine the reserve of the aboveconsidered primary substation using C&T limitations. To do that, the algorithm mentioned above is applied.

At steps 1-2 of the algorithm, it is necessary to estimate the transformer reserve, corresponding to the difference between a peak load and the admissible transformer loading, corrected to Tamb. The calculation results of these parameters are presented in Table 14 below: 
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+1 °С 1,317 pu 0,083 pu At step 3 of the algorithm, it is required to increase all values of load profile (Figure 47) for this reserve value (0.083 p.u.), calculated at the previous step. In other words, a reserve value is added to each value of the initial load profile. Further, at step 4 of the algorithm, it is necessary to estimate the transformer HSTmax and LoL for the new load profile (the orange profile in Figure 47). Figure 48 shows the obtained HST of transformer windings over the year and the corresponding LoL by the end of the year. From obtained HSTmax and LoL, it can be seen that both HST and LoL have margins against their limits. Thus, these margins could be used to connect a more load. To quantify this additional load, it is necessary to iteratively increase the reserve by 0.01 pu until HSTmax or LoL is reached. After three iterations, the constraint -HSTmax reaches its permissible value (see Figure 49):
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Figure 49 Reaching the HST limit subject to the increased load profile

Although the HST limit is reached, another constraint -LoL is less than 15% from its permissible limit, and the load is still below its current limit (1.5 pu) as well as the oil temperature. Hence, the transformer operates within all C&T limitations. Therefore, the substation reserve can be increased from 0.083 p.u. (preliminary computed) to 0.113 p.u (finally computed). In other words, the supposedly congested primary substation can actually connect 2825 kVA of new consumers with any load profile.

Conclusions

The case study showed that using C&T limitations instead of power ratings allows connecting 2 825 kVA of new consumers. In contrast, using power ratings at the same substation restricts any load connections at all. Moreover, according to a conventional DSO approach, the primary substation capacity lacks 4 610 kVA for reliable power supply of existing consumers in N-1 mode, whereas no load shedding would need in case of C&T limitations. Note that in case of C&T limitations, a reserve capacity of 2 825 kVA is calculated for the worst-case scenario on Tamb and load growth. If, however, DSO would like to use probabilistic techniques on load growth and Tamb, we believe that more load can be connected to existing substations.

Even without such probabilistic methods, DSO can already defer significant investments in transformer reinforcement thanks to a quasi-robust approach. This is again possible due to exploiting a hidden capacity of power transformers. These results testify that despite our restrictive assumptions on load and Tamb, transformers may have a significant reserve capacity for connecting the loads with any power profiles. Moreover, we draw the attention that C&T limitations were chosen for normal cyclic loadings, albeit N-1 mode was investigated. In theory, we may use C&T limitations of long-term emergency loadings for N-1 mode which are less restrictive (see Table 6 in Chapter II). This would increase the reserve capacity further. But again, C&T limitations for normal cyclic loading were intentionally chosen together with restrictive assumption on load growth and Tamb to demonstrate the significant reserve capacity of power transformers.

Following the philosophy of open science [START_REF] Barthez | Passport for open science[END_REF], it was decided to make available MATLAB scripts, functions and the initial data used in this thesis. Thus, the MATLAB code used in this chapter is available in open access at the GitHub repository [START_REF] Daminov | MATLAB code and data for CIRED 2019 paper[END_REF]. 

Contribution of this chapter

C2

It was demonstrated that transformers have a substantial reserve capacity even under restrictive assumptions on load growth and Tamb. With restrictive assumptions, we applied DTR to estimate the reserve capacity on the example of a primary substation in Russia. The DTR-based reserve was evaluated against DSO approach. In contrast to the DSO approach based on static power limits, the proposed DTR approach is based on C&T and ageing limits. To formalise the approach, we formulated an algorithm that integrates restrictive assumptions on load and Tamb. Thus, it is ensured that the obtained reserve is located on the conservative side from a thermal point of view.
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Coupling DTR with DR to increase a transformer reserve capacity

Previous section 3.4 demonstrated that using C&T limitations instead of a 1.05-pu rating could significantly increase a reserve capacity. However, it is necessary to pay attention to a stopping criterion of (C&T based) algorithm from the previous section. To remind, the augmenting the transformer load (i.e. a reserve capacity) stopped because HST may start violating its limit in N-1 condition. However, this violation of the HST limit would happen only once per year (see red circle in Figure 48). Moreover, this is supposed to occur under very conservative assumptions: on Tamb, load growth and C&T limitations. Suppose DSO manages to mitigate this violation. In that case, more consumers can be connected.

As mentioned in previous sections, DSO may already connect consumers beyond than 1.05pu ratings of transformers (up to 1.3 ratings) if an automatic load-shedding scheme is in place. Thus, we believe that the same practice can be extended if using C&T limitations with DER flexibility. Indeed, flexibilities may be provided from controllable distributed generation, storage, demand-side management [START_REF] Esmat | Congestion management in smart grids with flexible demand considering the payback effect[END_REF]. Such DER should grow 6-9% per year, and by 2025 their installation rate will be three times higher than the installation rate of a centralized generation [START_REF] Armashova | Assessment of the potential of distributed energy technologies as a compensation for the need for generating capacities until 2035[END_REF]. Therefore, it seems that DER will provide a technical possibility to manage the distribution network more actively. Consequently, it was decided to investigate the problem of a reserve capacity if using DTR together with flexibilities. Furthermore, after preliminary analysis of many possible flexibility options, it was agreed to investigate the Demand Response (DR) because DR is considered the low-cost technology [START_REF] Pierpont | Flexibility: the path to low-carbon, low-cost electricity grids[END_REF]. The following paragraphs present the literature review on using DTR together with DR.

Literature review on using DR and DTR for transformer reserve capacity

The researchers investigating DR usually consider a conservative thermal rating of network equipment. Thus, this confirms that the network capacity can be underused. For instance, Martínez Ceseña et al. [START_REF] Martínez Ceseña | Electrical network capacity support from demand side response: Techno-economic assessment of potential business cases for small commercial and residential end-users[END_REF] demonstrated that small end-users could support the network capacity without sacrificing comfort levels. In [START_REF] Martinez Cesena | Distribution network capacity support from flexible smart multi-energy districts[END_REF], the same authors suggested a methodology, estimating a business case of DR for a small multi-energy district to support a distribution network's capacity. Celli et al. [START_REF] Celli | Flexibility model of integrated energy sources for the strategic planning of Distribution Networks[END_REF] proposed a model of flexibility aggregation with a particular focus on DR to address network contingencies. In another study [START_REF] Esmat | DSO congestion management using demand side flexibility[END_REF], Esmat and Usaola developed an algorithm allowing to minimize the total cost of congestion management with consideration of payback effects. Jiang et al. [START_REF] Jiang | Substation Capacity Planning Method Considering Interruptible Load[END_REF] incorporated interruptible loads into substation capacity planning. Mullen [START_REF] Mullen | Interactions between demand side response, demand recovery, peak pricing and electricity distribution network capacity margins[END_REF] investigated the essential interactions between demand-side response, load recovery, peak pricing, and network capacity margins. Weckx et al. [START_REF] Weckx | Multiagent Charging of Electric Vehicles Respecting Distribution Transformer Loading and Voltage Limits[END_REF] performed a multi-agent EV charging considering transformer limits and voltage constraints. Once again, the thermal rating in these studies is considered conservatively.

At the same time, the researchers considering DTR/thermal modelling do not consider the possibility of using flexibilities. For example, Elmakis et al. [START_REF] Elmakis | A probabilistic method for establishing the transformer capacity in substations based on the loss of transformer expected life[END_REF], [START_REF] Elmakis | A Probabilistic Method for Establishing the Transformer Capacity Reserve Criteria for HV/MV Substations[END_REF] developed a probabilistic approach for defining a transformer capacity based on its loss of life. Sen et al. [START_REF] Sen | Transformer Overloading and Assessment of Loss-of-Life for Liquid-Filled Transformerss[END_REF] suggested a methodology for sizing a new oil-immersed transformer to replace the existing equipment. In another study [START_REF] Bunn | Empirical Design Method for Distribution Transformer Utilization Optimization[END_REF], Bunn et al. estimated the capacity of a distribution transformer to accommodate additional demand without impacting reliability indexes. Finally, Kostin et al. [START_REF] Kostin | Urban substations transformers allowed loading[END_REF] estimated urban transformers' reserve capacity (allowable loading) considering a minimum of relative annual electric power losses. Once again, these studies consider DTR without taking advantage of flexibilities.

Finally, the researchers who apply DTR and DR do not explicitly explain how much load can be interconnected to a substation [START_REF] Gourisetti | A review of transformer aging and control strategies[END_REF]. For example, Sousa et al. [START_REF] Sousa | Decision Making in Emergency Operation for Power Transformers With Regard to Risks and Interruptible Load Contracts[END_REF] investigate the use of interruptible contracts for mitigating the emergency operation of power transformers. Teja and Yemula [START_REF] Teja | Architecture for demand responsive HVAC in a commercial building for transformer lifetime improvement[END_REF] prolonged the transformer life by controlling heating/cooling systems in buildings. Davison et al. [START_REF] Davison | Temperature sensitive load modelling for dynamic thermal ratings in distribution network overhead lines[END_REF] estimated the number of consumer connections considering the DR, temperature-sensitive load behaviour, and DTR of overhead lines (but not for transformers). Zhou et al. [START_REF] Zhou | Many-criteria optimality of coordinated demand response with heterogeneous households[END_REF] proposed bi-level multi-house energy management to coordinate the residential DR and a transformer ageing. Van Der Klauw et al. [START_REF] Van Der Klauw | Using demand-side management to decrease transformer ageing[END_REF] proposed smart charging strategies of electric vehicles and a neighbourhood's load profile to mitigate transformer ageing. Liu et al. [START_REF] Liu | A two-stage residential demand response framework for smart community with transformer aging[END_REF] suggested a DR strategy to balance household benefits and the transformer lifespan. Soleimani and Kezunovic [START_REF] Soleimani | Mitigating Transformer Loss of Life and Reducing the Hazard of Failure by the Smart EV Charging[END_REF] proposed a method that defines a charging schedule of electric vehicles that eventually mitigates the transformer ageing and reduces risks of failure. Mohsenzadeh et al. [START_REF] Mohsenzadeh | Impact of smart home management strategies on expected lifetime of transformer[END_REF] developed smart home management strategies to mitigate transformer loss of insulation life. Brinkel et al. [START_REF] Brinkel | Should we reinforce the grid? Cost and emission optimization of electric vehicle charging under different transformer limits[END_REF] found that transformer reinforcement could lead to higher emissions than operating the existing transformer with lower ratings. Humayun et al. presented a series of papers [START_REF] Humayun | Optimal use of demand response for lifesaving and efficient capacity utilization of power transformers during contingencies[END_REF], [273]- [START_REF] Humayun | Optimal capacity planning of substation transformers by demand response combined with network automation[END_REF] dedicated to the joint application of DTR and DR to increase transformer utilization. Specifically, in [START_REF] Humayun | Optimal use of demand response for lifesaving and efficient capacity utilization of power transformers during contingencies[END_REF], [274], the authors proposed an optimization model for the maximal utilization of transformer capacity during contingencies. In [START_REF] Humayun | Optimal capacity planning of substation transformers by demand response combined with network automation[END_REF], [273], the authors expanded the scope of network automation (load transfer on near substations). The authors also included all the costs occurring along the transformer lifetime.

Some early studies estimated the transformer reserve without considering DR or DTR. For instance, Salehi and Haghifam [START_REF] Salehi | Determining the optimal reserve capacity margin of Sub-Transmission (ST) substations using Genetic Algorithm[END_REF] applied a genetic algorithm to define the reserve capacity of a substation. In [START_REF] Kannan | Probabilistic approach in sizing distribution transformers[END_REF], Kannan and Au suggested a probabilistic approach for sizing the distribution transformers. Finally, Helmi et al. [START_REF] Helmi | The application of power factor correction capacitors to reserve spare capacity of existing main transformers[END_REF] used the power factor correction capacitors to increase the reserve capacity of power transformers. Thus, the scope of this study establishes the intersection between three domains: Demand Response, Dynamic Thermal Rating, and the problem of reserve estimations. Although substantial efforts were made in each field, there is still a gap in their intersections.

The existing DSO methodology already allows connecting more consumers if the load shedding scheme is in place. Therefore, similar to load shedding, it is possible to increase reserve margins if DR is in place. However, suppose DTR is coupled with DR. In that case, a question is posed: how much and when is it necessary to have DR to ensure the different reserve margins? Sections 4.2-4.4 will answer this principal question.

End-users side flexibility for grid upgrades deferral

The reader may start reading from Section 4.2.1, presenting the case study of this section. Moreover, this section explains the choice of assumptions allowing us to consider that the calculated DR has safety margins to mitigate the thermal constraints of transformers. Further, section 4.2.2 explains at what reserve margins it would be sufficient to use DTR only and from what moment it is necessary to apply DR and DTR. Finally, in Section 4.2.3, the reader can see an overview of the proposed methodology to find the required DR.

Case study

The case study (Figure 50a) is an outdoor MV/LV substation with two 500 kVA distribution transformers equipped with an ONAN cooling system (Oil Natural Air Natural). Figure 50b shows the annual load profile at MV/LV substation at 1-h resolution. This load profile represents an aggregated consumption of one hundred houses simulated by physical and behaviour approaches [START_REF] Sandels | Forecasting household consumer electricity load profiles with a combined physical and behavioral approach[END_REF].

(a) (b) To extract the load profile, it is necessary to use a MATLAB application "House load" [START_REF] Danbro | House load electricity -File Exchange -MATLAB Central[END_REF] with all default parameters except the Tamb profile (θ t a ). The updated hourly θ t a in 2019 was provided by MeteoBlue for Grenoble, France [444]. To obtain the conservative reserve values, only the historical maximum of Tamb for each month was used in thermal simulations (Figure 50b) [START_REF] Daminov | Application of dynamic transformer ratings to increase the reserve of primary substations for new load interconnection[END_REF]. These historical maximums of θ t a are assumed as a safety margin when simulating the worst thermal state of the transformer for different reserve values. This is especially relevant for global warming with expected constantly rising Tamb. Moreover, this margin can mitigate other errors in thermal characteristics/modelling.

An additional margin in the study comes from the reserve computation that assumes a N-1 condition with the loss of one transformer in the given substation. Thus, if one transformer is out of service, the remaining distribution transformer 500 kVA can supply all load alone. This is possible because the existing peak load is only 430 kVA (86% of nominal rating, 500 kVA). Therefore, the reserve for load connection (in a traditional DSO approach) would be estimated as the difference between the nominal rating (here without permissible 5% overloading) and the peak load, i.e., 500 -430 = 70 kVA (i.e., 14% of nominal rating).

Instead of the nominal rating (with the 1.05 coefficient or without), the DSO can also apply other approaches as STR [START_REF] Viafora | Load Dispatch optimization using Dynamic Rating and Optimal Lifetime Utilization of Transformers[END_REF], [269], seasonal ratings [269], or emergency ratings [START_REF] Watson | Temperature correction factor applied to substation capacity analysis[END_REF]. Nevertheless, the method for reserve determination does not change in its nature. It still represents a simple difference between admissible constant rating and the peak load without consideration of the actual thermal state of transformers. To focus on the thermal aspects of transformer operation, it was decided to consider only the thermal and ageing constraints of transformers. Note that other limiting factors (e.g., voltage) are ignored. This seems quite reasonable to practice as the paper [START_REF] Turnham | Increasing Distribution Network Capacity using Automation to Reduce Carbon Impact[END_REF] shows that 78%-83% of real network constraints are related to thermal restrictions. Moreover, conventional DTR approaches assume a winding temperature limit of 98 ℃, which is actually a design temperature of winding rather than a temperature limit. On the other hand, the actual temperature limit per loading guide is higher, e.g., 120 ℃ or 140 ℃ [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. The question of using design temperature or a temperature limit for transformer loadings was actively discussed in [START_REF] Sealey | Overloading of Transformers---Cases Not Covered by the General Rules[END_REF], [START_REF] Norris | Loading of power transformers[END_REF], [START_REF] Norris | The thermal rating of transformers[END_REF]. Hence, the approach based on the conventional design temperature will be considered a reference case (for DTR) in this section.

Once thermal modelling is applied, the transformer temperatures (i.e., oil temperature θ t o and hot spot temperature θ t h ) and Ageing EQuivalent (AEQ) over the year can be calculated explicitly using the loading profile P t tr (in pu) and Tamb. As any variable representing the physical state, current, temperature, and ageing have corresponding limits. The choice of those limits can be again used to set substantial safety margins for thermal modelling. For instance, Table 16 provides C&T limits for various loading types: normal cyclic loadings and two emergency modes-long-term overloading and short-term overloading.

To remind, normal cyclic loading is when a transformer is subject to a high Tamb or higher-thanrated load. However, the ageing remains the same as for nominal conditions. Long-term emergency loading is when a transformer is subject to elevated temperatures for days or even months. Short-term emergency loading of transformers is the heavy overloading for less than 30 min. Due to the temporal nature of emergencies, the IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] allows increasing their C&T limits. In this section, it was decided to use the normal cyclic loading as the strictest limits in the N-1 condition. However, DSO could choose the long-term emergency limits as an alternative for N-1 conditions. This would allow releasing more transformer capacity at the cost of higher risks of overheating and accelerated loss of life. This alternative is not considered in this thesis but could be easily integrated without changing the proposed methodology and algorithms.

As stated in previous section 3, the problem of reserve determination is that the load profile of a new consumer cannot be definitely known in advance. Therefore, the transformer's load profile after the connection of new consumers is also unknown. Furthermore, in addition to the renewable production, leading to the famous duck curve from California [447], the electrification of the heating and transport sector may change the typical shapes of existing load profiles. Hence, the existing shape of a load profile is not increased proportionally in this study to add a further "safety margin". Instead, the reserve is considered while adding a constant load to the existing load profile throughout the representative year [START_REF] Daminov | Application of dynamic transformer ratings to increase the reserve of primary substations for new load interconnection[END_REF]. Adding the constant load profile ensures a worse thermal mode of operation than any other pattern with the same peak power.

Nevertheless, this assumption considers the peak increase only from new load connections. However, existing consumers, especially industry customers, can also increase the peaks. Regardless, DSO must guarantee that consumers could withdraw all power from the distribution network, indicated in connection contracts (also known as firm capacity contracts [START_REF] Haque | Smart curtailment for congestion management in LV distribution network[END_REF]). As mentioned in section 1.1, consumers usually do not use their total requested power. Nevertheless, there is no guarantee that some industrial or commercial consumers will not expand production capacities and then boost the actual power demand up to the subscribed power indicated in connection contracts. In such a case, the assumption mentioned above can lead to errors in substation peak estimations and even emergencies. DSO may add a fullsubscribed (i.e., not measured) power of large industrial and commercial consumers to the existing load profile to mitigate such risks.

Problem Statement

The problem statement is described in Figure 51 by conducting preliminary thermal studies. These initial studies investigate what would be θ h , θ o , and AEQ for different reserve margins without using DR (i.e., without taking any measures to decrease the temperatures of transformers). Figure 51 displays the state variables of the transformer as a function of the added constant load from 1% to 100% of a nominal rating of 500 kVA to the existing load profile shown in Figure 50b. The maximal θ h , θ o during the year, and corresponding AEQ are estimated for the N-1 condition and computed using the IEC 60076-7 standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. The IEC 60076-7 standard is an internationally recognized loading guide that provides mathematical equations and thermal characteristics of oil-immersed transformers needed to calculate θ h , θ o , and AEQ. Specifically, it was decided to use the difference equations described in annexe E of the IEC 60076-7 standard. These equations are presented later in Section 4.3.1.

The preliminary thermal studies show that it is possible to connect a constant load of 240 kVA (=0.49 pu * 500 kVA) without violating the thermal constraints at 120 °C (see point 1). That 240-kVA reserve is 3.4 times higher than the reserve (70 kVA) calculated with a conventional approach-i.e., the transformer rated power (500 kVA) minus the peak consumption (430 kVA). The 240-kVA reserve is even more significant than the similar reserve obtained for DTR based on design temperature 98 ℃ (145 kVA, 0.29 pu at point 0). Although the use of design temperature in DTR is often claimed to avoid accelerated ageing, it could be observed that accelerated ageing occurs only if the reserve (a load growth) reaches significant values around 0.70 pu (see point 3). Thus, the consideration of the θ t h limit should be preferred over design temperature if the ageing limit is explicitly taken into account [START_REF] Daminov | Application of dynamic transformer ratings to increase the reserve of primary substations for new load interconnection[END_REF].

Suppose appropriate DR programs prevent the violation of temperature constraints. In that case, more load can be further connected to the transformer until the next limit is reachedthe current limit at 1.5 p.u. (point 2 at 350 kVA in Figure 51). Starting from this point, DSO should use DR to avoid breaking both θ t h and current limits. Thus, from point 2 onward, the reserve can be further increased from 320 to 350 kVA until the next critical point is reached (see point 3 in Figure 51). Starting from this point 3, the AEQ may be higher than the normal annual loss of transformer life. Hence, it is necessary to reduce the θ t h even well below its limit to keep the AEQ less than 1 (as it will be shown in Section 4.4). The last critical point 4 in Figure 51 (reserve of 365 kVA) is when the transformer oil temperature violates its limit. At this moment, an appropriately designed and managed Demand Response should tackle three constraints at the same time-transformer thermal limits (θ t o , θ t h ), current limit, and insulation ageing.

It is important to note that DR will be required only a few days per year (e.g., high load, high Tamb, or maintenance works). Thus, the DR design and management can be formulated only for the days when the transformer violates the thermal limits and not for the entire year. Hence, it is possible to avoid developing a largely intractable optimization problem. However, it is necessary to state that this idea remains valid as far as the longest interval does not exceed a few days. Figure 52 shows the longest interval with thermal violations considered in the DR optimization problem as a function of the reserve margin (added constant load on the x-axis).

Figure 52 shows that the longest interval increases exponentially. From a reserve value of 1.04 pu onward, the overheating occurs every day of the simulated year. Hence, nonlinear equations from IEC 60076-7 would lead to the intractability of the optimization problem. Therefore, in the paper [START_REF] Daminov | Demand Response Coupled with Dynamic Thermal Rating for Increased Transformer Reserve and Lifetime[END_REF], the authors suggested a linearization of the nonlinear equations of the transformer thermal model. However, it was decided to exclude the linearization from the thesis because this contribution firstly belongs to our colleague -Rémy Rigo-Mariani, with whom we get a chance to work on this article. The reader can still find this result in [START_REF] Daminov | Demand Response Coupled with Dynamic Thermal Rating for Increased Transformer Reserve and Lifetime[END_REF].

. 

Methodology

Figure 53 shows the algorithm to compute the necessary DR to ensure a given reserve level. The workflow consists of three main stages. At first, the annual transformer loading (without DR) is computed with the initial load profile increased by the given reserve margin. Next, the thermal state of the transformer is estimated with Tamb over the whole year. If there are no thermal violations, then no DR is needed, and the algorithm stops here. Hence, another reserve margin can be investigated.

If any overheating is detected, the second stage of the algorithm identifies the interval(s) where transformer temperatures (θ t o , θ t h ) or current limits are violated. The algorithm extracts the loading profile (P t l ) at every identified interval. Later, the load and Tamb profiles over a given interval are considered inputs for the integrated DR management and design. As outputs, the integrated DR management and design compute the minimum DR needs to fulfil the operating constraints (see Section 4.3). Note that the thermal model of the transformer requires initial values for the top-oil and hotspot temperatures at the beginning of the extracted interval. To do that, the optimized transformer loading profile (with DR management) from the previous calculation is used to update the annual load profile from the start of the year until the beginning of the next interval. This cycle repeats until all intervals are investigated and allows us to track the correct initial temperature every time an interval is simulated.

The last stage of the algorithm is needed once all intervals are studied, and the optimized annual load profile is entirely reconstructed. Finally, the algorithm defines the DR values in power and energy units.

Integrated Design and Management of Demand Response

To understand the thermal modelling of the chosen ONAN transformer, the reader can refer to Section 4.3.1. Section 4.3.2 suggests the problem formulation of integrated design and management for DR.

Transformer thermal model and ageing

The thermal model of oil-immersed transformers and the values for thermal characteristics are derived from the IEC 60076-7 standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. The IEC model allows a discrete representation of the differential equations that govern the thermal behaviour of the transformer. The specific thermal characteristics of studied ONAN distribution transformers are given in Table 17. IEC model estimates the top oil and hot-spot temperatures over time, θ t o and θ t h , respectively. As already mentioned, those values depend on the time-series profiles for the Tamb (θ t a ) and the transformer loading (P t tr in pu) as well as the transformer thermal characteristics (Table 17). Specifically, the model includes two nonlinear functions denoted f t 1 and f t 2 (1), which are used within equations for θ t o and θ t h . The equations of the IEC standard are ultimately summarized in [START_REF] Bartos | Impacts of rising air temperatures on electric transmission ampacity and peak electricity load in the United States[END_REF] for t > 1 min and in [START_REF] Hashmi | Effect of Climate Change on Transformers Loading Conditions in the Future Smart Grid Environment[END_REF] for the initialization step, i.e., t = 1 min. 
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IEC thermal model returns the annual equivalent insulation ageing (denoted AEQ) for the given Tamb and power profiles. The insulation degradation is computed per [START_REF] Klimenko | Vulnerability of the Russian power industry to the climate change[END_REF] with the hotspot temperature value over the simulated horizon (i.e., t∈ T) at 1-min resolution. Note that the ageing is normalized with the period duration (the cardinal function #T) and should remain below 1 pu. This number corresponds to a normal degradation of the transformer operating at the design temperature along its estimated lifetime.
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Problem formulation

The characterization of the DR volume, which is necessary to avoid the transformer overheating, is expressed in a systemic optimization problem. In this optimization problem, the management strategy of the DR (i.e., load power profile modification) is considered along with DR design (sizing). Then, both sizing and management are variables of a single problem.

Moreover, dynamic constraints should be introduced due to the time dependency of temperature profiles. The overall problem consists of minimizing the DR needs in terms of rated power (P DRr in kW) and the rated capacity (E DRr in kWh). The DR should ultimately fulfil the transformer's thermal, ageing, and loading constraints [START_REF] Stahlhut | A preliminary assessment of the impact of ambient temperature rise on distribution transformer loss of life[END_REF]. Additional constraints are introduced to represent the DR operation P t DR within its bounds [START_REF] Chen | Estimating the impacts of climate change on electricity supply infrastructure: A case study of China[END_REF]. This management allows us to modify the transformer loading (P t tr ×K tr ) for a given load profile (P t l ) following the power balance constraint in [START_REF] Sathaye | Estimating risk to California energy infrastructure from projected climate change[END_REF] 
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So far, no economic criteria are considered. No cost is attached to the capacity of the DR flexibility (e.g., cost for storage capacity) and its power (e.g., the cost for a battery inverter or backup generator). In practice, this DR flexibility could be of any form and provided by a set of controllable generators, loads, or storage equipment potentially coupled with renewable energy sources. In this work, the DR flexibility is exclusively described in a power and energy domain. It is modelled similarly to generic storage with a unitary efficiency. Then, additional constraints should be introduced to compute the "virtual state of charge" SOC t DR and keep it between the bounds (typically 0 and 100%) during the studied interval [START_REF] Burillo | Electric Grid Vulnerabilities to Rising Air Temperatures in Arizona[END_REF]. 
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Two operating modes are envisioned for the designed DR. At first, when setting similar initial and final state-of-charge values (i.e., SOC 0 DR and SOC t=T DR typically 50%), this DR is managed in an "energy-shifting" mode, with an energy conservation constraint. The "energy-shifting" mode ensures the conservation of the consumed energy, primarily through the constraints on the final values for the state of charge.

Apart from the "energy-shifting" mode, the section investigates another operating mode of DR -"energy shedding". In the "energy shedding" mode, DR can be considered a curtailable load or its aggregation. Within the proposed problem formulation, "energy shedding" is modelled by setting SOC 0 DR =100 % at the beginning of the interval and SOC t=T DR = 0 % at the end of the interval while P t DR > 0 (i.e. this is an equivalent of DR discharge).

Multiplying the state-of-charge constraints on both the left and right-hand side by the rated capacity E DRr allows removing the nonlinearity (introduced by the division of operating variable by the design variable). Thus, it solves the integrated management and sizing problem [START_REF] Rigo-Mariani | Impact of the Economic Environment Modelling for the Optimal Design of a Multi-Energy Microgrid[END_REF].

Results and discussion

The reader could refer to Section 4.4.1 to see the validation runs for the integrated management and design of DR. Otherwise, the reader could pass directly to the obtained results presented in Section 4.4.2.

Validation runs for Integrated Management and Design of DR

Before investigating different reserve margins with the methodology introduced in Section 4.2.3, other validation runs are performed to understand better the DR optimization problem and the results of its solution. The first simulation is run over a single day interval. The objective is to validate the DR design and management block introduced in Section 4.3. At first, the DR flexibility is operated under "energy shifting" conditions. Note that the ageing constraint (i.e., AEQ < 1) is not considered here. Figure 54 shows the results without DR and with DR for a given value of reserve margin (i.e., with a given amount of surplus load).

(a) (b) The reader can see in Figure 54 that adding a DR flexibility allows us to keep the hot-spot temperature below its limit. At the same time, the oil temperature always remains below the limit with or without the use of flexibility. To avoid the winding overheating during the evening, it is necessary to reduce the peak load after 18:00 and to transfer some load to the morning (Figure 54a). Note that the loading also decreases at the beginning of the simulation to reduce the temperature profiles before the DR flexibility is fully charged (to ensure the "energy conservation" constraints). This ultimately leads to higher temperatures at night, but it is still far from the overheating limits. Finally, the DR flexibility follows a "charge/discharge/charge" pattern, and 64% of the estimated capacity (592 kWh here) is necessary to shave the peak loading. Note that DR flexibility cannot be fully "discharged" as the virtual state of charge should return to 50% at the end of the simulated period.

Given the same optimisation inputs, the second simulation is performed with a DR flexibility operating as a typical "energy shedding" and no AEQ constraints. Figure 55 displays results with the DR activated only in the evening to shave the peak transformer loading, similar to the previous simulation. Then, the loading and temperature profiles (Figure 55b) remain unchanged for the rest of the considered day. This load shaving is equal to 377 kWh. This shed energy corresponds to the optimized capacity of the installed DR flexibility in the "energy shedding" mode. This expected capacity is much lower than the one computed in the case of "energy shifting" since there is no need to recover the shed load during the day. Final validation runs consist of introducing the ageing constraint for the case of DR flexibility operated under "energy shedding". Obtained results show that curtailed energy is more significant than in the previous runs (Figure 56a). However, the hot-spot temperature remains far below the limit, which would otherwise incur an excessive degradation of the winding insulation (Figure 56b). As a result, the oil temperature is reduced as expected. Note that the DR capacity of 637 kWh is almost twice as much as the case with no ageing constraint. 

Results for different reserve margins

After performing the validation runs in Section 4.4.1, this subsection addresses results considering a full representative year obtained with the methodology introduced in Section 4.2.3. Figure 57 illustrates typical results while comparing three scenarios: the base case scenario (i.e., baseload), the base case after adding a given reserve (75% here), and the last case considering the application of DTR/DR ("energy-shedding mode").

Figure 57 shows that the total load has increased significantly after connecting a constant load (corresponding to reserve 75%) over the whole year. Although the current limit (1.5 p.u.) is not violated, adding that load leads to severe violations of the hot-spot temperature up to 140 °C (Figure 57). The curves are given for a week in January, corresponding to the peak load period. As previously mentioned and observed, the appropriate DR design and management allows adjusting the transformer loading. Hence, the hot-spot temperature remains well below the limit at 120 ℃ to fulfil the ageing constraints. As discussed further, the DR is activated almost every day, which is not the case for the rest of the year. Then, different reserve margins can be investigated and the yearly profile reconstructed with optimized DTR/DR in every case, following the methodology of Section 4.2.3. Figure 58 shows the main results obtained with a DR in "energy-shedding" mode. As expected, DR volumes in kW (Figure 58a) and kWh (Figure 58b) tend to increase with more significant reserve margins. Note that the optimization problem is not tractable for the reserve above 75% due to the length of the studied intervals (and consequent size of matrix constraints with over 3.10 6 variables).

Specifically, the green curve represents a complete optimisation problem formulation, i.e., with ageing, power and temperature constraints. The black curve shows the formulations with thermal and power constraints (i.e., without ageing constraint). Then, the green curve is higher or equal to the black line due to the higher DR required to mitigate ageing constraints.

Specific attention should be given to the grey curves in Figure 58a,c representing DR volumes calculated with a conventional DTR considering a design winding temperature (98 ℃) as a temperature limit. As discussed earlier, a design winding temperature is often assumed as a temperature limit in the papers dealing with DTR. However, the design temperature is not a temperature limit and therefore should not be considered as such. The results prove that more DR in kW and kWh is required to keep the temperature below 98 ℃. Moreover, fewer reserve margins could be managed without DR, i.e., reserves 30% at 98 ℃ limit versus 50% with a 120 ℃ limit.

The reader can note that there is no need for DR for reserve margins below 45% (the green and black curves remain flat in Figure 58a,b). This means that the thermal capacity of one distribution transformer alone is sufficient to withstand the connected load (as mentioned earlier, without the need to apply DR). In other words, suppose any load corresponding to reserve margins below 45% is connected to transformers. In this case, the total transformer load will not violate any temperature or ageing limits (see Figure 51 for specific values of temperature and ageing). One significant result of this study is presented in Figure 58d, which displays the total curtailed energy compared to the total consumption over the simulated year. Results show that only 1% of total consumption needs to be curtailed to connect up to 75% of the additional load (the transformer already loaded on 86% in N-1 mode). It is necessary to remind that results are obtained for a rigorous hypothesis: the constant load profile of new consumers, the maximum Tamb, and N-1 condition during the whole year. Even if it is necessary to shed almost 50% of the nominal power of the transformer (Figure 58a or around 30% of the peak load in Figure 58b), the curtailed energy remains marginal. The total DR capacity is activated only for a few hours of the year. DR operation is further depicted in the histograms of Figure 59. The maximum DR shedding (the last bar at the right side) is only activated for 2-3 h per year. Thus, in total, the DR is required around 6% of the year if aggregating all the hours of activation. Once again, let us remind that DR application would be necessary only in the N-1 condition, which is unlikely to happen all year long. The temperature remains below the limit in a normal operation, and no power shedding is required. However, under the N-1 condition, significant overheating above 150 °C is observed and can be avoided with appropriate DR design and operation with regard to thermal constraints. Suppose the ageing is considered in DR optimization. In that case, DSO should operate the transformer even at lower temperatures (see the green curve in Figure 60).

Another simulation is performed with the DR operating in "energy-shifting" mode. Results in Figure 61 show slightly higher DR capacities than the case with the "energy-shedding" mode. However, it is impossible to consider more than 60% reserve due to the energy conservation constraint. Therefore, any load shedding during the peak shall be shifted and compensated at other time steps. Furthermore, the thermal model of the transformer can be considered dependent on the integral of the loading. Thus, if substantial load energy is considered, overheating can no longer be avoided, even for different power profiles. 

Conclusions

This chapter presents the methodology to increase the available reserve using Demand Response and DTR. The maximum reserve estimation relies on linear programming that simultaneously optimizes the DR volume and operation over a given time interval. The mathematical formulation accounts for the thermal limits of the transformer, the maximum power/current, and the ageing effects. The most noticeable result shows that relatively small DR volumes (≤1% of total energy consumption) could ensure high reserve margins of transformers. Although DR volumes in kW could reach 30% of peak loads, such high DR volumes will be needed only if the transformer operates in N-1 mode. Even in N-1, these DR volumes would be needed only for a few hours per year. In the N mode, no DR is required at all. No thermal stress of the transformer is observed even if high reserve margins are studied.

Additionally, those results are obtained despite rigorous hypotheses: the constant load profile of a new consumer, historical maximum Tamb over the whole month, and normal cyclic limits. Thus, suppose DSO adopts the methodology to assess the reserve considering the detailed load profile. Then it is possible to approve a more considerable increase of consumption (reserves) compared with the results obtained in this study.

Observed results are valuable for DSO and consumers since they could establish variable network access through "flexible network connection agreements" [START_REF] Cedec | Flexibility in the energy transition a toolbox for electricity dsos flexibility in the energy transition i a toolbox for electricity DSOs[END_REF]. The general idea of such agreements is that the DSO does not provide a firm capacity all the time for certain consumers (or generators). Depending on different incentives (e.g., lower connections costs), the consumer agrees to have limited access to the distribution network during certain times/events. Such agreements are already used in the United Kingdom for generators and tested in France [START_REF] Cedec | Flexibility in the energy transition a toolbox for electricity dsos flexibility in the energy transition i a toolbox for electricity DSOs[END_REF]. For the considered test case, all consumers have access to the distribution network in the N mode, and no transformer overheating occurs. However, in the case of the N-1 mode, consumers could have limited access during 5-6% of the time, as earlier illustrated in Figure 58. Besides, other solutions may be used together with DR to mitigate the lack of transformer capacity: automation [START_REF] Turnham | Increasing Distribution Network Capacity using Automation to Reduce Carbon Impact[END_REF], load transfer and reconfiguration [START_REF] Dorostkar-Ghamsari | Improve capacity utilization of substation transformers via distribution network reconfiguraion and load transfer[END_REF], volt-Var control [START_REF] Kumar | Extension of life of distribution transformer using Volt-VAr optimisation in a distribution system[END_REF], electric vehicles [START_REF] Soleimani | Mitigating Transformer Loss of Life and Reducing the Hazard of Failure by the Smart EV Charging[END_REF], [START_REF] Godina | Smart electric vehicle charging scheduler for overloading prevention of an industry client power distribution transformer[END_REF], [START_REF] Powell | Controlled workplace charging of electric vehicles: The impact of rate schedules on transformer aging[END_REF], and standby transformers [START_REF] Xueqiang | Research and Practical Application of Transformer Emergency Standby Calculation and Assessment Method[END_REF]. Thus, the actual time of limited access for consumers could be further reduced.

Another legal possibility for implementing those DR operations is the introduction of interruptible contracts [START_REF] Jiang | Substation Capacity Planning Method Considering Interruptible Load[END_REF], [START_REF] Sousa | Decision Making in Emergency Operation for Power Transformers With Regard to Risks and Interruptible Load Contracts[END_REF], [START_REF] Turnham | Increasing Distribution Network Capacity using Automation to Reduce Carbon Impact[END_REF]. The interruptible contracts allow DSO to shed some consumer load in exchange for financial payment to consumers. Therefore, interruptible contracts and flexible network connection agreements may be a legal foundation to connect more load to existing transformers while deferring significant investments for reinforcements. Moreover, the recent study [START_REF] Brinkel | Should we reinforce the grid? Cost and emission optimization of electric vehicle charging under different transformer limits[END_REF] shows that existing transformers (operated with electric vehicles) ensure less CO2 emission against reinforced transformers. This additionally justifies the utilization of the existing transformers instead of their reinforcement.

The results also showed that it is more beneficial for DR application to apply a DTR based on the HST limit (120 ℃) rather than DTR based on the design HST (98 ℃). The latter is widely used in other papers on DTR [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], [START_REF] Biçen | Loadability of power transformer under regional climate conditions: The case of Turkey[END_REF], [START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF], [START_REF] Salama | Impact of Long-Term Climatic Conditions on the Ageing and Cost Effectiveness of the Oil-Filled Transformer[END_REF]. Specifically, Figure 58 shows that DSO needs to apply less DR volumes both in power and energy terms for studied reserve margins if using the HST limit for DTR. The authors would like to point out that transformer capacity could be better utilised, thanks to using of the HST limit (120 ℃) instead of the design HST (98 ℃). This is because transformers, even in normal mode, can exceed a design HST (98 ℃) for a short time (without exceeding the ageing).

In contrast, lines are not supposed to exceed their designed operating temperatures during normal operation [START_REF] Metwaly | Probabilistic Peak Demand Matching by Battery Energy Storage Alongside Dynamic Thermal Ratings and Demand Response for Enhanced Network Reliability[END_REF]. From this point of view, DSO can better utilize a transformer capacity in normal mode and therefore have an additional degree of freedom. However, it is also true that the line's DTR could be twice as great as the line's static thermal rating in MVA [START_REF] Metwaly | Probabilistic Peak Demand Matching by Battery Energy Storage Alongside Dynamic Thermal Ratings and Demand Response for Enhanced Network Reliability[END_REF], whereas a maximal MVA rating of transformers would be limited by a current limit of 1.5 pu from IEC standard and even lower current limits [START_REF] Pasricha | A method of improving transformer overloading beyond nameplate rating[END_REF]. The reader could refer to [START_REF] Daminov | Assessment of dynamic transformer rating, considering current and temperature limitations[END_REF] for details on the difference between the HST limit and the design HST. In addition, permission for lines to operate at higher maximum temperatures is discussed [START_REF] Olsen | Dynamic Loadability of Cable Based Transmission Grids[END_REF], [START_REF] Alghamdi | A study of expected lifetime of XLPE insulation cables working at elevated temperatures by applying accelerated thermal ageing[END_REF]. However, to the author's knowledge, exceeding the design temperature of lines is not yet approved for normal operation in the standards [START_REF]IEC, 60287-2-1 Electric cables -Calculation of the current rating -Part 2-1: Thermal resistance -Calculation of thermal resistance[END_REF], [START_REF]Standard-738-2012 for Calculating the Current-Temperature Relationship of Bare Overhead Conductors[END_REF] (in contrast to transformers standards [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]).

Following the philosophy of open science [START_REF] Barthez | Passport for open science[END_REF], it was decided to make available MATLAB scripts, functions and the initial data used in this thesis. Thus, the MATLAB code used in this chapter is available in open access at the GitHub repository [START_REF] Daminov | MATLAB code and data for Energies article[END_REF]. 

C3

DTR is coupled with DR, and it was demonstrated that this coupling might further increase the reserve capacity of transformers. To ensure the given reserve margin, we estimated the required amount of DR. The methodology was formalized in an algorithm. Moreover, it was shown that the temperature limit (120 ℃) has the advantage for DTR over a continuous temperature (98 ℃). Journal: Energies IF: 2.702, Q2, 2021 MATLAB code at GitHub [START_REF] Daminov | MATLAB code and data for Energies article[END_REF] Chapter IV Inv estig ating the en erg y lim it and ag eing limit of tran sform er s

Chapter IV

Investigating the energy and ageing limits of power transformers

Part 1: This chapter continues our discussion on the maximal utilization of transformer capacity. To remind, chapter II showed that transformer capacity has a significant headroom above nominal rating if considering C&T limitations (especially yellow areas of feasible regions). Chapter III demonstrated that this hidden capacity alone allows connecting the significant amount of new loads while keeping the temperatures and ageing of transformers in the safe range. Moreover, it was found that using a small amount of demand response may increase the permissible connected load more than two times over the nominal rating of the transformer. Having these facts, the question was formulated: if DSO has enough flexibility to control transformer loadings, then up to what physical limitations may utilize the transformer?

The existing literature may provide different answers to this question. In particular, many scientific works expressed transformer limits in various forms: limits on power, failure rate, temperature, ageing, economic, efficiency or riskprofit, among others. However, there is still a gap in how much the transformer can transfer electrical energy. At the same time, a transformer remains a part of the electrical network whose primary goal is to transfer electrical energy. Thus, we made a hypothesis that a transformer, as any physical element, must have its limit of energy transfer, i.e. energy limit.

The energy limit was not investigated earlier because defining an energy limit requires explicitly controlling the shape of transformer loadings, which is problematic without flexibility. However, the context of modern power systems and smart grids allows reconsidering the role of flexibilities. The latter allows adjusting the load profile in a controllable way. Thus, the energy limit becomes more relevant. That is why section 1 presents the context of modern power systems in more detail and describes our motivation for investigating energy limits. Further, section 2 introduces the concept of energy limit and how it might be modelled using existing thermal models of transformers. Next, section 3 quantifies energy limits in Tomsk, Russia and Grenoble, France.

Part 2: this chapter reconsiders the role of the ageing limit. As mentioned in chapter I, IEC and IEEE loading guides suggest using a normal ageing limit while operating the transformers in normal mode. However, recent findings revealed that existing transformers still keep the insulation in good condition even after the end of the design life. For instance, 50-70% of transformers in Russia already overpassed their design life. Nevertheless, the physical ageing of all power (auto-)transformers was only 24 %. This state of transformers allowed us to formulate a question: how the calendar and insulation life may affect the choice of ageing limit? In other words, what is the optimal ageing limit for a given state of calendar and insulation life? Hence, part 2 of this chapter answers what the optimal ageing limit is. Under the optimal ageing limit, this chapter understands an ageing limit, which allows the transformer to transfer the maximal energy at the given insulation and calendar life. Specifically, section 2 explains how the ageing limit may vary as a function of calendar and insulation life. Moreover, it generalizes the main situations where different optimal ageing should be applied. The same section provides estimation results for energy transfer at various ageing limits and the calendar life of transformers.

Following the philosophy of open science, MATLAB code and data used in this chapter are available in open access at GitHub repository.

Part I Energy limit of oil-immersed transformers 1. Introduction 1.1 Context of modern power systems

In the coming years, congestion management becomes relevant due to the integration of Renewable Energy Systems (RES), aimed to address climate change. Even without RES, power equipment may be already loaded under normal operation close to the nominal rating [START_REF] Willis | Aging Power Delivery Infrastructures[END_REF]. Meanwhile, a traditional solution -network reinforcement, earlier used to mitigate congestions, becomes inefficient due to a high cost, long lead times and economic, environmental, political, social and regulatory issues [START_REF] Willis | Aging Power Delivery Infrastructures[END_REF]. Thus, system operators are forced to investigate other options to ensure RES integration and congestion management for short and middle-term horizons.

Nowadays, many researchers size transformers below RES installed capacity, using a thermal capacity of transformer with lower ratings and cost [START_REF] Turnell | Risk and economic analysis of utilizing dynamic thermal rated transformer for wind farm connection[END_REF], [START_REF] Viafora | Load Dispatch optimization using Dynamic Rating and Optimal Lifetime Utilization of Transformers[END_REF], [START_REF] Zarei | Reliability considerations and economic benefits of dynamic transformer rating for wind energy integration[END_REF], [START_REF] Arguence | Sizing power transformers in power systems planning using thermal rating[END_REF], [START_REF] Rocha | Dynamic rating assists cost-effective expansion of wind farms by utilizing the hidden capacity of transformers[END_REF], [START_REF] Yip | Dynamic line rating protection for wind farm connections[END_REF]- [START_REF] Pacheco | Sizing Step-up Transformers for Solar Generation based on Load Profiles Predictability[END_REF]. In other words, a traditional sizing when transformer capacity is chosen per RES installed capacity is not cost-efficient. This is due to the high costs of transformers and intermittent output of RES [START_REF] Arguence | Sizing power transformers in power systems planning using thermal rating[END_REF]. A similar vision appears and actively develops for overhead lines and cables. Special IEC standards are being introduced for transformers operating with RES [START_REF]2018 IEC/IEEE International Standard -Power transformers -Part 16: Transformers for wind turbine applications[END_REF].

However, such an approach of transformer sizing can lead to congestions, e.g., if an interconnection of new RES facilities will exceed the initially planned capacity of RES. Even if transformers are not undersized, congestions are still possible. For instance, almost 90 % of distribution transformers will be overloaded in the Netherlands by 2040 due to load growth and new generating facilities [22]. Therefore, some share of RES generation must be curtailed during specific periods [START_REF] Morozovska | Dynamic Rating with Applications to Renewable Energy[END_REF]. This leads to the underuse of RES installed capacity (i.e. reducing the efficiency of measures against climate change) and/or to the high cost of transformer replacement.

Active network operation [22], [START_REF] Yip | Dynamic thermal rating and active control for improved distribution network utilisation[END_REF], [235], [START_REF] Degefa | Dynamic thermal state forecasting of distribution network components: For enhanced active distribution network capacity[END_REF], [269], [START_REF] Prasanna | Gestion prévisionnelle des réseaux actifs de distributionrelaxation convexe sous incertitude[END_REF] implies the use of flexibilities [328] from generation, storage, and load which may minimize RES curtailments as well as transformer congestions. Thus, new RES facilities can be interconnected to "congested" transformers if flexibilities are applied. Therefore, modern power systems operate in a specific context: RES integration, new transformer sizing and active operation strategies (flexibilities).

Motivation for investigation of energy limits

Despite promising advantages of active operation strategies [22], [START_REF] Yip | Dynamic thermal rating and active control for improved distribution network utilisation[END_REF], [235], [START_REF] Degefa | Dynamic thermal state forecasting of distribution network components: For enhanced active distribution network capacity[END_REF], [269], [START_REF] Prasanna | Gestion prévisionnelle des réseaux actifs de distributionrelaxation convexe sous incertitude[END_REF], transformers should have a physical limit which theoretically makes further development of any active operation strategy inefficient. We suggest that this occurs when a transformer reaches its limit of energy transfer. This energy limit represents the unique transformer's loading profile, ensuring the highest energy transfer under given Tamb conditions. Thus, transformer reinforcement becomes an inevitable option once a transformer reaches the energy limit. Even if earlier, the reinforcement was deferred by active operation strategies or load transfers to another substation [START_REF] Humayun | Demand Response Benefits for Major Assets of High Voltage Distribution Systems Capacity Gain and Life Management[END_REF].

It is worth explaining why the energy limit was not explored in the past and why it becomes relevant today and in the future. In the past, there was little technical possibility to reach an energy limit before a power limit. In other words, a loading profile of a transformer could not be thoroughly controlled to match some theoretical and optimal loading profile, ensuring the highest energy transfer. That is why transformer limits are usually calculated per the shape of a given load. For instance, in [START_REF] Daminov | Receding horizon algorithm for dynamic transformer rating and its application for real-time economic dispatch[END_REF], we found power limits to maximize the energy transfer through the transformer for a given load profile. However, the obtained power limits should not be considered as the energy limit since the energy transfer was maximized for a given load profile. For example, it can be another load profile, transferring more energy. Modifying a load profile can be performed by modern flexibilities from generation, load and storage. For instance, a transformer peak load can be shaved by increasing the power output of distributed generation located near consumers. Another way to reduce a substation load is to activate a demand response program or storage for valley filling [START_REF] Jian | High efficient valley-filling strategy for centralized coordinated charging of large-scale electric vehicles[END_REF]. New market players-aggregators already provide such system services in practice [START_REF] Irena | Aggregators Innovation Landscape brief[END_REF]. Thus, the loading profile of a transformer represents a controllable parameter in active power systems.

The interest of energy limits application can be found in problems where a transformer is a limiting element. For instance, [START_REF] Rudkevich | Identification and Congestion Analysis of Transmission Corridors of the Eastern Interconnection[END_REF] reports that transformers restrict the generators in West PJM 43 and East MISO 44 to supply loads in the PJM operating area. Specifically, the Cloverdale transformer was recognized as the second constraint among the top 25 constraints in PJM [START_REF]2019 State of the Market Report for PJM[END_REF]. The congestion cost of one Cloverdale transformer in 2018 amounted to $87.5 million or 6,7 % of PJM's total congestion cost [START_REF]2019 State of the Market Report for PJM[END_REF]. Similarly to operating areas inside the country, transformers can reduce interconnection capacities among countries as it happened in Europe [START_REF] Entso-E | Bidding zone configuration technical report[END_REF]. Such transformer congestions can affect cross border exchanges and generation scheduling in the power system. This is thus of great interest for system operators since a scheduling solution has a heavy impact on cost of energy generation. For instance, FERC estimated that 5% improvement of world-wide scheduling solution could save $87 billion each year [START_REF] Cain | History of Optimal Power Flow and Formulations[END_REF]. The general situation of congested transformers between operating areas or countries can be represented by the simple case shown in Figure 62. European regulation [START_REF] Eu | Regulation (EC) No 714/2009 of the European Parliament and of the Council on conditions for access to the network for cross-border exchanges in electricity and repealing Regulation (EC) No 1228/2003[END_REF] states that system operators should not limit the interconnection capacities (which can be restricted by transformers) to solve congestion inside of their operating area. In other words, cross border exchanges with other countries remain the priority for system operators, and it seems a maximization of energy transfer through them as well. Moreover, operating areas in Figure 62, zone A and zone B correspondingly, can be an MV distribution network and LV microgrid or vice versa. These networks can be seen as operating areas but at lower MV or LV levels if having enough flexibility. Whatever the voltage level is, the total energy cost can be reduced if one successfully transfers more energy from the low-cost zone to the zone with the expensive generation. 43 PJM -Pennsylvania New Jersey Maryland Interconnection 44 MISO -Midcontinent Independent System Operator Due to climate change, the maximization of energy generation from RES becomes another fundamental problem. Furthermore, since RES projects have a lead time of many times less than a lead time of network reinforcement, it seems that RES curtailments will grow up each year. For instance, wind curtailment in Germany has already increased by 27 times (from 0.13 TWh to 3.53 TWh) as well as congestion management costs have increased 15 times (from 58.6 €m to 859.4 €m) [START_REF] Joos | Short-term integration costs of variable renewable energy: Wind curtailment and balancing in Britain and Germany[END_REF]. At the same time, following the government decision, German system operators can tolerate up to 3 % of wind curtailment (wind energy produced) to decrease a reinforcement [START_REF] Joos | Short-term integration costs of variable renewable energy: Wind curtailment and balancing in Britain and Germany[END_REF].
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RES operators can use the energy limits and flexibilities of storage and generation to minimise RES curtailments. Scheduling the RES according to energy limits allows RES operators to maximize the energy transfer from their generating facilities. This is especially relevant if RES transformers are undersized and/or new RESs have to be installed in addition to initially planned RES capacity (known as an overplanting [START_REF] Blavette | Upgrading wave energy test sites by including overplanting: a techno-economic analysis[END_REF]). For instance, Figure 63 shows a case where RES operators can maximise the energy transfer to the power system using active operation strategies and energy limits. System operators usually validate all RES output and balance the remaining system load by fast ramping up generation facilities, storage or demand response if available. Otherwise, RESs are curtailed to keep a power balance or prevent congestions, among others. However, system operators strive to keep RES curtailments as a last resort to manage network constraints [START_REF] Joos | Short-term integration costs of variable renewable energy: Wind curtailment and balancing in Britain and Germany[END_REF]. Therefore, it may be assumed that power flows from RES (and energy limits) should be kept unchanged as long as possible.

Another problem where energy limits can be applied may be determining the hosting capacity of distribution networks for interconnection of load and DER [START_REF] Weisshaupt | Evaluation of Measures to Operate Urban Low Voltage Grids Considering Future PV Expansion[END_REF]. For DER interconnection, transformers capacity is traditionally used as one of the critical limitations (Figure 64). Moreover, real case studies [START_REF] Etherden | Increasing the hosting capacity of distribution networks by curtailment of renewable energy resources[END_REF] demonstrated that transformers remain the main limiting element of hosting capacity for DER interconnection because of their high CAPEX. However, other factors, e.g. voltage variations, voltage unbalance, flicker and harmonics, may limit the hosting capacity for DER interconnection [START_REF] Fatima | Comparison of Different References When Assessing PV HC in Distribution Networks[END_REF], [START_REF] Fatima | Review on the PV Hosting Capacity in Distribution Networks[END_REF].

For load interconnection, the available transformer capacity is traditionally used as the primary criterion for decision making. In both situations (for load and DER), a transformer capacity is usually represented by power limit, corresponding to some % of the nominal rating given by the manufacturer. This approach seems very conservative since the DER power variation in time is not considered [START_REF] Jain | Quasi-Static Time-Series PV Hosting Capacity Methodology and Metrics[END_REF].

The application of active operation strategies should then increase the hosting capacity of the network if time-series profiles are taken into account. If so, the system operator could procure robust flexibility from DER to ensure a daily smart balancing of more Distributed Generation (DG) interconnections. At the same time, the energy limit is a final constraint that active operation strategies cannot overpass due to the physical limitations of a transformer to transfer additional energy. In such a case, the only option left is a reinforcement of transformers.

Knowing the energy limit and actual load profile, system operators may procure robust flexibilities to postpone the reinforcement of existing transformers. It is essential to highlight that the share of DER, i.e. available flexibilities, are growing very fast. The world installation rate of DER already surpasses the centralised generation's installation rate [START_REF]Global DER Overview[END_REF]. Meanwhile, a transformer remains in operation for 20-30 years and even more once installed. Thus, having some energy limit, a transformer can be a permanent constraint for developing active operation strategies and network hosting capacity.

Section goals

As mentioned in section 3 of Chapter I, a transformer limit has been considered in many forms: power, failure rate, temperature, insulation life, economic, efficiency or risk-profit limits but never as the physical limit of energy transfer. The reason is that defining an energy limit requires explicitly controlling the shape of transformer loadings, which is not possible without flexibility. Thus, the problem has never been formulated regarding the energy limit of oilimmersed transformers. Moreover, the authors did not find any papers investigating the energy limit of other network equipment such as overhead lines or cables.

In Section 1.2, problems of power systems where the application of energy limits can be beneficial were identified. Despite relevant issues, no research has studied the energy limits of transformers yet. Due to its novelty, it is logical to firstly eliminate the theory gap on energy limits and further focus on their application for power systems problems. Nevertheless, brief explanations concerning the practical application are given in Section 1.2, and some comments are provided throughout this section.

Two goals are pursued: (1) in section 2, the energy limit of a transformer is studied, and its typical characteristics are defined. Following our definition, the energy limit depends on Tamb only. However, the shape and amplitude of Tamb profiles can vary within time and space. Therefore, (2) in section 3, we will estimate energy limits in various climate conditions. As in previous section 3, two types of climates are analysed: cold continental climate in Russia (Tomsk city in Siberia) and warm temperate climate in Europe (Grenoble city in France).

Determination of energy limit: a concept

In this section, the energy limit of oil-immersed transformers is modelled. We use a specific test case to find an actual energy limit, presented in Figure 65. It was intentionally decided to choose this simplified test to avoid any case-specific impact of other external factors on the energy limit of studied transformers. It was assumed that an ideal generator on the left side does not have any constraints. Also, the power system on the right side would absorb all the energy flow produced. Thus, this right side represents an ideal smart grid, able to deal with any internal constraints. Therefore, we avoid a situation when specific factors such as network topology, load distributions, voltage or angle stabilities, among others, can affect a transformer's energy limit. These imperfections of existing technologies can be overcome in the future, and situations with flexibility unavailability can be changed [START_REF] Pierpont | Flexibility The path to low-carbon, low-cost electricity grids[END_REF]. The assumption of the ideal generator and the ideal smart grid allows us to focus on transformer thermal constraints only. Despite the ideal generator and smart grid, the Tamb could not be controlled yet. This means that the shape of the energy limit depends on the Tamb only. Thus, it is necessary to determine an energy limit for given Tamb conditions.
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The transformer is represented by the thermal model provided in the IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]. IEC standard also provides typical characteristics (see Table 19) for a power transformer with ONAN 45 , ONAF 46 , OD 47 , OF 48 cooling systems, and ONAN distribution transformers. The objective is to find the optimal loading curve S(t) of given transformers, maximizing (under given Tamb conditions) the energy transfer through them, ETR, as stated by equation [START_REF] Simpson | Global Climate Change Impacts in the United States[END_REF].
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S is a vector of size 1x ) representing a transformer loading in per unit with a time step Dt of 1 min over one day ( ) = 1440 ‡r ). As a time resolution of data may impact DTR [START_REF] Hosek | Effect of time resolution of meteorological inputs on dynamic thermal rating calculations[END_REF], It was assumed that a transformer loading is constant during 1 hour. The 1-hour resolution has been actively used in power system planning and operation. Thus, the energy is computed with a time step of 1 hour over one day ( B =24 hours). However, the input data of thermal models should be converted into a 1-minute resolution, as IEC thermal model requires it. Specifically, a time resolution for input data of the thermal model should be at least two times less than a winding time constant. As the smallest winding time constant of studied transformers is 4 minutes (see Table 19), it was decided to use a 1-minute resolution.

The solution of such an optimization problem is a loading profile of transformer, maximizing the energy transfer under given Tamb or, in other words, an energy limit which should be found. 45 Looking at Figure 66, one can notice an analytical regularity common for all types of transformers. At the beginning and the end, one can see a steep rise in loadings, whereas loadings change smoothly in other time intervals. The step changes of loadings at the beginning and the end take advantage of winding thermal inertias to transfer the additional energy. Thermal inertia is a physical phenomenon explaining why a temperature does not change simultaneously with a current. When a current passes through winding conductors, it generates heat. This heat is then divided into two parts: one part goes for conductor heating, and another is released into surrounding oil. That is why a winding temperature has an asymptotic curve approaching steady-state temperature [START_REF] Ananicheva | Designing the electrical networks[END_REF]. Suppose the heat would be used only for conductor heating. In that case, the temperature would (unrealistic case) change as a straight line, as shown in Figure 67. 
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Figure 67 Heating of winding conductors based on [START_REF] Ananicheva | Designing the electrical networks[END_REF] Once the asymptotic curve reaches its steady-state value, the heat used for conductor heating, and heat, released to oil reach their balance. In the state of the heat balance, the winding temperature does not rise anymore. It remains constant until a current or a Tamb changes. Thanks to a time lag between C&T responses, transformers can transfer a little more energy than steady-state operations. Therefore, one can derive an analytical explanation of transformer energy limits. The energy limit is a loading profile, which usually keeps a heat balance (at the design HST). However, it may also get the advantages of thermal inertias to transfer additional energy.

From this analytical explanation (energy limits represent the operation at design HST most of the time), the energy limit tends to the form of temperature limit suggested by Norris [START_REF] Norris | The thermal rating of transformers[END_REF] in 1928. To remind, Norris suggested limiting transformer loadings to avoid overpassing a continuous (design) HST. This continuous HST limit in ℃ can be expressed by a steady-state power limit [START_REF] El-Bayeh | Novel Approach for Optimizing the Transformer's Critical Power Limit[END_REF] in power units (pu or MVA). The latter conclusion allows us to suppose that energy limits can be approximated by steady-state power limits [START_REF] Norris | The thermal rating of transformers[END_REF], [START_REF] El-Bayeh | Novel Approach for Optimizing the Transformer's Critical Power Limit[END_REF].

The steady-state power limits are well known in the industry [START_REF] El-Bayeh | Novel Approach for Optimizing the Transformer's Critical Power Limit[END_REF]. Therefore, an energy limit, approximated by steady-state power limits, could be easily calculated. Many researchers already apply steady-state power limits [START_REF] Safdarian | Benefits of Real-Time Monitoring to Distribution Systems: Dynamic Thermal Rating[END_REF], [START_REF] Djamali | Real-Time Evaluation of the Dynamic Loading Capability of Indoor Distribution Transformers[END_REF], [START_REF] Fang | Dynamic Thermal Rating for Efficient Management of Post-Contingency Congestions[END_REF], [START_REF] Zarei | Reliability considerations and economic benefits of dynamic transformer rating for wind energy integration[END_REF], [START_REF] Brown | Determination of the maximum cyclic rating of highvoltage power transformers[END_REF]. However, steady-state power limits are not energy limits, even if they can approximate energy limits. Any power limit represents an absolute value of power at each time step. In contrast, the energy limit is an integral of all power limits at the whole time interval. Following these differences, one can deduce that power limits have many feasible loading profiles located below these power limits. However, the energy limit represents the unique loading profile of the transformer, which is equal to steady-state power limits. Thus, power limits are limits in their classical meaning: with many feasible loading profiles possible.

On the contrary, the energy limit is one single shape (trajectory) of loading, enabling the maximal energy transfer through a transformer. This fundamental difference affects the mathematical way in which transformer limits are formulated. For example, suppose one takes a power limit. In that case, it is necessary to formulate this constraint as an inequality (Power flow ≤ Power limit). However, one should use an equality constraint for the energy limit (Power flow = Power limit). Once again, making power flow equal to the steady-state power limit became possible thanks to the development of active operation strategies (flexibilities) in the power system. These mathematical formulations explain why steady-state power limits (including DTR) are not the energy limit but can approximate the energy limit.

Although steady-state power limits can be used for energy limits approximations, under specific Tamb, this may be different. For instance, Figure 68 shows the optimized energy limit of the ONAN transformer for cold Tamb in Tomsk on February 1, 2019. The loss of insulation life is equal to 1pu. To retrieve valuable information from Figure 69, it is necessary to convert it to Tamb duration curves (Figure 70). The duration curve can show how much time the Tamb was higher (or lower) than a design Tamb. (+20 ℃ for IEC transformers). For instance, in Figure 70, the real Tamb exceeded a design temperature during 12,4 % of the time in Tomsk, Russia and 22,6 % in Grenoble, France. To plot a duration curve, one can sort the historical values of the Tamb in descending order. The Tamb duration (x-axis) is obtained as follows:
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Where N -the array representing a numerical order of Tamb values (sorted in descending order).

To compare energy limits in Tomsk and Grenoble, one should ensure equal conditions. Thus, it was assumed that new transformers were installed in 01.01.1985 in both cities. The insulation life of these new transformers is assumed to be equal to 34 years, which is the period of Tamb data availability. All transformers have a Kraft paper with a rated HST of 98 ℃.

From Figure 69, there are 12 506 daily Tamb profiles in hour resolution. For each daily temperature profile (or for 34 years), it is possible to solve an optimization problem using equations ( 40) -( 52) and find 12 506 daily energy limits (or one energy limit for 34 years). However, solving the optimization problem with 12 506 days can take 10 days. Therefore, it was decided to approximate the energy limit by steady-state power limits [START_REF] El-Bayeh | Novel Approach for Optimizing the Transformer's Critical Power Limit[END_REF], as they allow to obtain approximately the same energy transfer. The power limit for each hour during 34 years is adjusted to keep the transformer operation at rated HST (98 ℃). Thus, it is possible to obtain a loading curve representing the energy limit of the transformer in each climate.

Energy limits represent a dynamic loading curve having: (1) maximum, (2) minimum, (3) mean value, as well as (4) duration and (5) energy transfer. Therefore, (1)-( 5) are used as metrics to compare the energy limits in two climates. Metrics (1)-( 3) are calculated for each month, and the energy transfer ( 5) is calculated for the whole period studied -34 years.

Results: Metrics of energy limit in each city

The duration of energy limit loadings is obtained similarly to the curve of Tamb duration. Firstly, a loading was found corresponding to the rated HST for each Tamb during the 34-year history. Further, the obtained loading array was sorted in descending order. The resulting duration curves are of specific interest because they define how much time the loadings of energy limit are higher or less than particular loading. For instance, Figure 71 shows that loadings of energy limit are higher than the nominal loading of transformer for 79 % of the time in Grenoble and 88,6 % in Tomsk correspondingly. From Figure 71, one can see that the current limit was violated in Tomsk for a small duration of time (because the approximation was used instead of optimization). This confirms our suggestion that cold Tamb rarely affects the typical shape of energy limits. Furthermore, no violation of the current limit is found for Grenoble. Moreover, no violation of TOT limits is detected in both cities. Thus, typical characteristics of energy limits (steady-state power limits) remain true for Grenoble and Tomsk most of the time.

Notably, the loading duration curve is very similar to the Tamb duration curves but twice reflected: horizontally and vertically. If so, the colder Tamb, the more significant difference between transformers in the energy transfer. The same conclusions can be found if a typical loading amplitude is quantified for each month. For example, Figure 72 shows maximal, minimal and mean loadings of energy limits in each month.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 0.8 Figure 72 shows that summer loadings of energy limit are relatively the same in both cities. However, in the winter months, the difference can be seen. For instance, in January, the mean loading of the energy limit reached 1.3 pu in Tomsk. In contrast, in Grenoble, it is only 1.15 pu. Thus, though the same transformers are used, the total energy transfer in both cities is different (see Figure 73). The maximum energy transfer is computed as an integral of loading duration curves from Figure 70. The energy transfer was normalized relative to the energy transferred at the nominal rating of the transformer. Figure 73 shows that transformers can transfer up to 16 % more energy if the transformer loading is equal to the energy limits. Suppose transformers have the TUP (with rated HST = 110 ℃). In that case, the total energy transfer can be higher than the nominal rating up to 25 %.

Such additional energy transfer (16-25 %) can be beneficial if a transformer restricts a lowcost generation. Hence, operating the transformer at the energy limit can transfer cheaper energy. This can significantly reduce energy costs in power systems since they are susceptible to incremental energy production at low-cost generators. Furthermore, RES operators and policymakers may take advantage of this additional energy transfer (16-25 %). Maximizing the energy transfer from RES may address climate change and contribute to the decarbonization of the power system operation. Energy limits can be especially relevant if RES-connected transformers are undersized and/or new RES are interconnected to the existing transformer.

Last but not least, a hosting capacity of a distribution network can be increased if knowing the typical characteristics of the energy limit (loading profile). The typical energy limit can be analyzed together with the existing load profile of the substation and available flexibility. From this analysis, an operator may decide on the interconnection of additional loads and DG and/or procurement of new flexibilities from aggregators to ensure a transformer operation at the energy limit.

Study limitations

This study is a first attempt to investigate energy limits, therefore, the impact of some factors was simplified. For instance, the scope of this study does not consider: harmonics, unbalancing, short-circuit impact, OLTC operation [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF], [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF], [START_REF] Godina | Effect of Loads and Other Key Factors on Oil-Transformer Ageing: Sustainability Benefits and Challenges[END_REF] as well as effects related to other natural issues as wind speed and direction [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], precipitations [START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF], solar irradiations [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF], [START_REF] Schlabbach | Improvement of permissible loading of transformers[END_REF], and GIC [START_REF] Djamali | Hundred years of experience in the dynamic thermal modelling of power transformers[END_REF]. However, each of these factors may be considered in a relevant situation. For example, the fast integration of power electronics into the electrical network could increase harmonics, causing excessive heating in conductors and other parts. Thus, ignoring the harmonics can lead to underestimating winding and oil temperatures and thus overestimating energy limits.

Some improvements can be brought to the proposed model concept of energy limit presented in this study. For instance, in this study, the apparent energy transfer is maximized (i.e. MVAh), which does not necessarily maximize the useful energy transfer (i.e. MWh). However, the application of volt/VAR optimization in the distribution network [START_REF] Kumar | Extension of life of distribution transformer using Volt-VAr optimisation in a distribution system[END_REF] can keep power factors closer to unity and allow maximizing the active energy transfer (i.e. MWh).

In this study, the oil conditions, defined by viscosity, acidity, moisture and oxygen content etc., are assumed to be within normal values [START_REF] Lelekakis | The effect of acid accumulation in power-transformer oil on the aging rate of paper insulation[END_REF]- [START_REF] Saha | Transformer ageing : monitoring and estimation techniques[END_REF]. However, the deviation from their normal state can negatively affect the energy limits. For instance, the excessive moisture content in the insulation-oil system accelerates the insulation ageing [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] and therefore reduces the energy limit. Nevertheless, it is possible to consider the factors mentioned above if the appropriate transformer thermal model is used.

Thus, the additional research on energy limits may be planned further to consider the limitations of transformers and power systems. For instance, it is possible to include the modelling aspects of the transformer and distribution network, including the effect of losses and volt/VAR control.

Conclusion

In summary, the energy limit of the oil-immersed transformer is studied for the first time. Investigations revealed that the energy limit represents the unique loading profile for a given Tamb profile. The typical characteristic of this loading profile is that the transformer operates at quasi-rated winding temperature. At the beginning and the end, it may increase the energy transfer thanks to the thermal inertias of winding. However, the next part of this chapter will show that thermal inertias have a limited impact on the energy limit. Most of the time, however, the temperatures of the energy limit remain in the vicinity of a rated HST, making the operation of the transformer thermally beneficial. Therefore, the transformer transfers the maximal energy and avoids high thermal stress simultaneously. Typical characteristics of the energy limit: loading amplitudes and their durations are found.

Results demonstrated that cold climates might facilitate energy transfer through transformers. For instance, transformers in Tomsk, Russia, can transfer up to 10 % more energy than Grenoble, France. Moreover, it is revealed that current limits can be a constraint in cold climates. In contrast, no violation of the TOT limit occurs in both climates. Nevertheless, the TOT limit can also restrict the transformer capacity in a very hot environment (> +40 ℃).

Additional research is required.

Operating the transformer at their energy limits can transfer up to 25 % more energy through transformers. This additional energy transfer can be advantageous for maximising energy transfer between operating areas or even countries. Another promising application of energy limit consists in maximization of RES generation. Moreover, we believe that energy limits may increase the hosting capacity of distribution networks. That is why our future research will focus on applying energy limits to the abovementioned problems of a power system.

The scope of energy limits can be extended to other power system components such as overhead lines, cables, and synchronous generators. Their energy output also depends on Tamb.

Following the philosophy of open science [START_REF] Barthez | Passport for open science[END_REF], it was decided to make available MATLAB scripts, functions and the initial data used in this thesis. Thus, the MATLAB code used in this chapter is available in open access at the GitHub repository [START_REF] Daminov | MATLAB code and data for IET GTD article[END_REF]. 

C4

For the first time, the energy limit of oil-immersed transformers was investigated. First, the energy limit was introduced as a theoretical concept, modelled through the existing techniques and discussed for practical application. Moreover, the impact of ambient temperature on energy limits was studied. This study identified typical characteristics of energy limits such as loading amplitudes and their durations. Furthermore, the highest theoretical energy output was estimated through main transformers types: ONAN, ONAF, OD, and OF.

Part II Optimal ageing limit of oil-immersed transformers 1. Introduction

Nowadays, the energy industry faces an energy transition towards decarbonized power systems. However, while many countries upscale renewables to reduce greenhouse gas emissions, their electrical networks face high stress caused by congestions, voltage instabilities, and harmonics. Moreover, the ongoing electrification of the heating and transport sector will further increase the electrical load and, consequently, stress on a grid infrastructure. Meanwhile shares of DER continue growing fast, electrical networks cannot be reinforced at a similar pace. Nevertheless, new opportunities arise for system operators as power systems become flexible as never before. For instance, technologies such as controllable distributed generation, storage, demand-side management, and DTR reduce the stress on electrical networks. Thus, the challenge of system operators may be oriented to maximize grid infrastructure utilization.

The ageing limit is an integral constraint ensuring that a power equipment operates at variable temperatures whose cumulative effect does not exceed the normative ageing. For instance, the daily LoL of the transformer operating at variable temperatures must not exceed LoL if the same transformer would operate at the constant design temperature (usually 98℃ or 110 ℃). Such assumption of system operators/researchers ensures that transformers can operate an entire design life as predefined by the manufacturer. However, recent studies [START_REF] Viafora | Load Dispatch optimization using Dynamic Rating and Optimal Lifetime Utilization of Transformers[END_REF] testify that the ageing limit of existing transformers can be increased higher than the normal limit if considering their remaining insulation life. In fact, transformers have significant remaining life since they are operated below the normal ageing limit for a long time. For example, Figure 74 shows the generic explanation when the transformer has already operated its design calendar life. However, a transformer still keeps some insulation resources, allowing it to continue its operation. Nowadays, this situation is relevant in many countries: system operators continue to operate their old transformers beyond the calendar life. Comprehensive tests conducted by network companies showed that the insulation system and other vital parameters of existing transformers remain in a good state after the end of design life [START_REF]Technical state of electric power facilities (physical wear and tear)[END_REF]. For instance, the calendar life of 50-70% of transformers in Russia already overpassed their design life. However, the physical ageing of all power (auto-) transformers is only 24 % on average [START_REF]Technical state of electric power facilities (physical wear and tear)[END_REF]. In the UK, the thermal life expectancy of 185 transformers was estimated at around 83 years [START_REF] Feng | Modeling Thermal Life Expectancy of the UK Transmission Power Transformers[END_REF], which is far longer than their calendar design life. Also, the calendar life of transformers may be legally restricted by some maximal value e.g. Swedish government prescribes 62 years as a the longest duration which transformers should operate [START_REF] Li | Sizing Transformer Considering Transformer Thermal Limits and Wind Farm Wake Effect[END_REF]. This may be especially relevant as most of transformers in industrialized counties have been installed in the 1960s-70s [START_REF] Abb | Factory repair and refurbishment of transformers[END_REF]. So far, however, no study considers the choice of ageing limit as a function of the remaining insulation life and the remaining calendar life.

A choice of the optimal ageing limit of transformers is investigated here. Various combinations of the remaining insulation life (the green bar in Figure 74) are considered together with the remaining calendar life (the blue bar in Figure 74). Note that the exact duration of the remaining life is uncertain. For a long time, many specialists have been discussing the actual remaining life of the transformer [START_REF] Feng | Life expectancy investigation of transmission power transformers[END_REF]. This study assumes that the remaining life of insulation is known as given in IEC or IEEE standards [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF], [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]. These standards consider a thermal deterioration of the winding insulation subject to hot spot temperatures. Thus, no mechanical or other deterioration of transformer components is considered here.

Nevertheless, this assumption remains realistic since the degradation of winding insulation depends for 98-99% on current and the initial degree of polymerization and only for 1-2 % on other factors (if oil preservation systems and appropriate maintenance is in place) [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF]. Besides, nearly all vital parameters of transformers except for a degree of polymerization and a short circuit impedance can be controlled by conducting the appropriate maintenance programs or replacing damaged elements [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF].

The winding insulation represents a resource that could be utilized with different energy efficiency. For instance, Figure 75 shows three arbitrary load profiles of a 1000-kVA distribution transformer, all having the same LoL at the end of the day (the normal LoL = 1 pu). Although all load profiles expose the transformer to the same ageing, they ensure a different energy transfer. Tamb during this day was assumed to be equal to the rated Tamb (+20 ℃). Different energy volumes can be transmitted through transformers while using the same insulation resource. Note that flexible power systems allow system operators to modify a load profile. Thus, system operators could increase the energy transfer through transformers without increasing their ageing. To quantify this potential, a maximal energy transfer is used as the criterion for the optimality of insulation utilization. More details on how the maximal energy transfer of transformers may be calculated are given in section 2.1. Meanwhile, the choice of the ageing limit is explained in section 2.2.

Methodology: Determination of the optimal ageing limit

The reader can address section 2.1 to see the maximal energy transfer of transformers. In section 2.2, the reader can find a discussion on the optimal ageing limit.

Optimal energy transfer through transformers

As mentioned in the introduction, different energy transfers can be ensured while consuming the same insulation resource. Thus, it is logical to answer the question: what is the optimal utilization of insulation resources maximizing the energy transfer? Figure 76 briefly reminds the concept of maximal energy transfer as already shown in Part I. The optimisation problem was solved to obtain the optimal load profile (the black line). We apply a problem-based formulation [START_REF] Turnham | Increasing Distribution Network Capacity using Automation to Reduce Carbon Impact[END_REF] and the MATLAB solver fmincon with the SQP algorithm to solve this mathematical problem. The objective function was the maximization of energy transfer through a distribution transformer for one day. The constraints in the optimization problem were defined by normal cyclic limits on winding (120 ℃) and oil temperatures (105 ℃) as well as the ageing (1 pu). Corresponding temperatures were calculated with IEC 60076-7 (annexe E in IEC standard [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF]). The complete mathematical formulation of such an optimization problem is given in section 2 of Part I. To compare the optimal load profile with arbitrary load profiles in Figure 75, Tamb was kept the same (+20 ℃).

The optimal load profile transfers 24.36 MWh during the day. As expected, the optimal energy transfer is higher than the energy transfer of arbitrary load profiles from Figure 75 (21.1 -22.6 MWh). However, the optimal transfer is higher for 0.36 MWh than the energy transfer (24 MWh) at rated conditions: the nominal power (1000 kVA) and Tamb (+20 ℃). Such better energy transfer is physically possible due to the thermal inertia of the transformer. Due to thermal inertias of windings, their temperature changes slower than a current change. Thus, it is possible to transfer more energy while the temperature reaches its steady-state value.

Another important observation in Figure 76 is that the solution of the optimization problem is prone to keep the rated hot-spot temperature (98 ℃) most of the time. Therefore, the insulation resource is consumed at the rated speed, also known as Ageing Acceleration Factor (AAF) [START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF]. Consequently, the optimal LoL curve (the blue line) increases gradually, not as LoL curves in Figure 75. Hence, the optimal utilisation of insulation resources maximizing the energy transfer happens if the insulation resource is equally consumed at each time moment.

In other words, AAF= const (if ignoring thermal inertias). The question may be posed: if thermal inertias provide additional energy transfer, why they are ignored? The answer is that thermal inertias, despite their advantage, are applied only at the beginning and end of the studied horizon. For the rest of the studied horizon, the optimal solution keeps a rated hot spot temperature. This is especially evident if the horizon of the optimization problem would be increased from one day to one week (see Figure 77a above).

The reader can see that during January 2-6, the optimal loading does not depend on thermal inertias (temperatures and loading are constant).

Moreover, suppose the reader would compare the energy transfer for horizons of 1 day and one week. In that case, it appears that thermal inertias ensure the same increment of energy transfer (0.36 MWh) over the energy transfer at nominal conditions. Hence, thermal inertias have limited impact, especially if a horizon becomes longer than one day. In this case, the energy transfer by thermal inertias remains the same while a total energy transfer increases.

The reader can notice that in Figure 77a, the constant Tamb (+20 ℃) was assumed over the week. However, a real shape of Tamb does not affect the optimal thermal state of the transformer (bottom Figure 77a and bottom Figure 77b are almost the same). Nevertheless, it is possible to see that optimal loadings become variable at variable Tamb (Figure 77b). In contrast, at constant Tamb, loadings remain constant Figure 77a). This happens because the optimal solution tends to keep the same profile of the hot spot temperature. Still, due to the variability of Tamb, it is necessary to adjust the load profile. Since the load is adjusted, the energy transfer becomes even higher [START_REF] Williams | Application of Digital Computers to Transformer Design[END_REF]77 MWh) than if the transformer would operate at a nominal rating (168 MWh).

The most important observation in Figure 77 is that for different Tamb, the shape of optimal hot spot temperatures remains the same while the optimal top-oil temperature fluctuates negligibly. This confirms the statement that a maximal energy transfer tends to the same thermal conditions even under various Tamb (a constant +20 ℃ in Figure 77a versus the range [-2.5℃: +8 ℃] in Figure 77b). Such a conclusion remains valid as long as a hot spot temperature remains a limiting factor of loadings (see Tamb ranges in [START_REF] Daminov | Assessment of dynamic transformer rating, considering current and temperature limitations[END_REF] and [START_REF] Daminov | Energy limit of oilimmersed transformers: A concept and its application in different climate conditions[END_REF] for an example where a current is a limiting factor).

We conclude that for an arbitrary Tamb profile, it is possible to calculate a quasi-maximal energy transfer without solving an optimization problem. To do that, it is necessary to reproduce the profile of rated hot spot temperature over the given horizon. For doing this, the reader can use the algorithm presented in section 2 of Chapter II. Briefly, this algorithm's principle consists of adjusting a transformer load for each value of Tamb until the rated hot spot temperature is reached. This algorithm can be especially useful for long horizons because the optimisation problem may become intractable for prolonged intervals (months and years) [START_REF] Daminov | Demand Response Coupled with Dynamic Thermal Rating for Increased Transformer Reserve and Lifetime[END_REF]. This happens due to the high time resolution of data required by the IEC thermal model. The increased time resolution at long intervals leads to a significant rise of state variables and constraints in the optimization problem [START_REF] Daminov | Demand Response Coupled with Dynamic Thermal Rating for Increased Transformer Reserve and Lifetime[END_REF]. Thus, such an algorithm can be used at long horizons to obtain a feasible solution close to the optimal maximum.

Optimal ageing limit of oil-immersed transformers

In previous section 2.1, the ageing limit was always equal to 1 pu at short-term horizons (a day or a week). As mentioned earlier, recent studies suggest increasing the ageing limit higher than 1 pu. At first glance, if the ageing limit would be increased, then the energy transfer should also increase (since the mathematical constraint in the optimization problem becomes less restrictive). However, the not-evident result is that increasing the ageing limit can decrease the energy transfer over the remaining calendar life. Oppositely, the reduced ageing limit can actually increase the energy transfer through transformers over their remaining calendar life. Therefore, the increasing/ decreasing of the ageing limit should depend on the specific ratio between the remaining insulation life and the remaining calendar life. Figure 78 shows situations where a decision on ageing limit increasing/decreasing is different. The first case corresponds to the situation when the used insulation life (the dark green bar) is less than the used calendar life of the transformer (the dark blue bar). This is a typical example of network transformers located at primary substations [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF]. As a rule of thumb, primary substations have two transformers, each able to carry a substation load alone in N-1 mode. Hence, such transformers are usually lightly loaded in N mode, i.e. most of the time.

Light load often coincidences with Tamb below the rated Tamb (+20 ℃) of transformers. This leads to minor or even negligible ageing of insulation resources. For such transformers, it can be beneficial to increase the ageing limit, but the remaining calendar life must be considered.

The second case from Figure 78 corresponds to the situation when actual insulation ageing is equal (or close) to the time of transformer operation. For example, this situation can happen with a step-up (block) transformer of thermal power plants [START_REF] Maiorov | Power transformers and autotransfrormers of electrical network life time prediction[END_REF], working as baseload generation. In contrast to network transformers, such transformers are more often loaded close to their nominal rating. This is because baseload power plants should operate at maximal available capacity. Therefore, the normal ageing limit should be preferred for such situations.

The third case from Figure 78 corresponds to a situation when the actual insulation life exceeds the time of the transformer operation. Among possible reasons, this can happen due to heavy overloading or if moisture and/or oxygen content in the insulation-oil system overpasses their permissible limits. For example, free-breathing transformers (in contrast to sealed transformers) are more exposed to moisture and oxygen ingress from the atmosphere [START_REF] Feng | Life expectancy investigation of transmission power transformers[END_REF]. For instance, the CIGRE survey [START_REF] Cigre | Moisture Equilibrium and Moisture Migration within Transformer Insulation Systems[END_REF] estimates that the yearly increase in moisture content is 0.03-0.06% for the sealed conservator and around 0.2% for the unsealed one [START_REF] Ariannik | Effect of cumulative moisture content on degradation of transformer paper insulation[END_REF]. This may accelerate the insulation ageing of the transformer even at a rated hot spot temperature. Furthermore, harmonics can also significantly accelerate the deterioration of winding insulation even if temperature gauges never achieve alarm setpoints [START_REF] Sparling | Managing existing transformers in the grid transition[END_REF]. As a result, the insulation life of the transformer is reduced faster than its calendar life. In such a situation, decreasing of ageing limit can prolong the time of transformer operation.

Let us assign specific numbers to green and blue bars from Figure 78 and find an energy transfer at the remaining calendar life for different ageing limits (see Table 21). Again, the Tamb +20 ℃ will be held constant. Figure 79 shows calculated energy transfers as a function of ageing limits. Optimal energy transfers are achieved at low (case III), normal (case II), and high ageing limits (case I). Note that the optimal ageing limit increased by 40 % (1.4 pu) in the I case. However, the energy transfer increased only by 2.8 % (see Energy value for I case in Figure 79). Whereas in the III case, the optimal ageing limit reduced to 40 % (0.6 pu), the energy transfer increased by 59,6 % (see Energy value for the III case). Thus, a reduced ageing limit may be more beneficial than increased ageing limits. This result can be explained by the exponential dependency between loadings and AAF (see section 4 of Chapter II for more details).

Figure 78 assumed that a calendar life (a blue bar) equals a transformer design life (on the xaxis). However, this is not always the case in practice: the actual calendar life of existing transformers can be longer than their design life (Figure 74).

The same situation may happen with new transformers (Figure 80). Two facts should be highlighted for the case of a new transformer: (1) the insulation resource of winding cannot be usually extended for a cost-efficient approach so far. Therefore, a green bar is assumed constant (i.e. not variable). However, (2) a calendar life (the blue bar) can have any duration depending on the planning priorities of the network company. Thus, a maximal energy transfer depends on the calendar life (the blue bar) and ageing limit. Figure 81 shows an energy transfer by varying a calendar life and an ageing limit.

Insulation life left

Calendar life left Figure 81 shows that low ageing limits allow transformers to operate longer and transfer up to 8 times more energy than at normal ageing limits. Despite these benefits, it is implausible that operation at an ageing limit below 0.5 pu is practically reasonable for maximising energy transfer. At such low ageing limits, the transformer should operate for about 60-300 years. For such very long horizons, it is quite probable that advances in transformer manufacturing would make the operation of "old" transformers economically inefficient. For instance, this may happen due to the high losses of old transformers at such long periods. However, operation at ageing limits between 0.5 pu and 1 pu (i.e. up to 60 years) may represent a practical value. It may also be beneficial to operate transformers at an ageing limit >1 pu if the remaining insulation is sufficient. Note that the maximal AAF is limited by hot spot temperatures (120 ℃ for normal cyclic loadings). For 120 ℃, the ageing limit equals 12.7 pu for Kraft paper and 2.7 pu for TUP. Note that high ageing limits lead to a small increment in energy transfer, as shown in Figure 79. Besides, high winding temperatures may cause a transformer failure. Thus, more economic and reliability studies are needed.

Design life Today

Not variable

Conclusions

It was demonstrated that the optimal ageing limit should be chosen considering the ratio between the remaining insulation life and calendar life. Otherwise, system operators may underuse the insulation resource of windings at the remaining calendar life (omitted in other studies). Moreover, it may even damage transformers when the situation requires reducing the ageing limit. Main cases with different ratios (green and blue bars) are generalized.

Moreover, it was explained how it might be possible to utilize the winding insulation resource to maximize energy transfers. Specifically, it was revealed that maximal energy transfer tends to a particular thermal state which does not depend on Tamb. Furthermore, it was shown that thermal inertias have a limited impact on maximal energy transfer so they can be ignored. The case of the new transformer was studied by varying its calendar life and ageing limits. It seems that ageing limits between 0.5 pu and 1 pu could have a practical value in operation planning and should be studied in more detail. It is also shown that a low ageing limit has a relatively higher increment of energy transfer in % versus increased ageing limits.

Following the philosophy of open science [START_REF] Barthez | Passport for open science[END_REF], it was decided to make available MATLAB scripts, functions and the initial data used in this thesis. Thus, the MATLAB code used in this chapter is available in open access at the GitHub repository [START_REF] Daminov | MATLAB code and data for CIRED 2021 paper[END_REF]. 

C4

It was found that maximal energy transfer corresponds to a specific thermal state of the transformer. Furthermore, we showed that thermal inertias have a limited impact on the maximal energy transfer through a transformer. Thus, they can be ignored for the estimation of energy limits.

C5

It is explained how the optimal ageing limit should be chosen. Specifically, it was shown that the optimal ageing limit should be determined as the ratio between the remaining insulation life and the remaining calendar life of transformers. Hence, the main situations with different ratios are generalized. Besides, it was shown that operating at low ageing limits have a relatively higher increment of energy transfer in percentage versus high ageing limits. This allows transferring more energy through the transformer at long term-horizons. Finally, a maximal energy transfer through the transformer is estimated as a function of an ageing limit and calendar life.

CIRED conference in Geneva, Switzerland 2021 MATLAB code at GitHub [START_REF] Daminov | MATLAB code and data for CIRED 2021 paper[END_REF] 

Thesis conclusions

The first chapter of this thesis highlights historical transformations in modern power systems. Most of our attention was drawn to the transformation of electrical energy into the world's primary energy carrier. As a result, electrical demand should double in the next 30 years. This and DER integration should require significant investments into electrical networks. Traditionally, around 67 % of these network investments are allocated for distribution networks. A similar share is still expected in the near future. Hence, it was decided to focus this thesis on distribution networks and especially on oil-immersed transformers because of two reasons.

The first reason for choosing oil-immersed transformers is dictated by predictions: DSO will require twice more transformers as it nowadays due to massive electrification and a DER integration. The second reason is dictated by our scientific interest in transformers. In contrast to other network equipment, they may exceed their design (continuous) temperature during a normal operation. This creates a scientific problem of modelling their thermal rating because temperatures may be exceeded only in a short time. Even though standards permitted it a long time ago, existing techniques do not provide tools for thoroughly modelling/assessing this intermittent temperature limit as a power limit. Besides, the existing methods may have some drawbacks relative to initial assumptions on typical load profiles.

While calculating the thermal ratings of transformers, many techniques were based on the assumption of a typical load profile. However, in the era of smart grids, the shape of load profiles may vary due to DER integrations, making this assumption risky for calculating the actual thermal ratings. Moreover, it was discovered that existing papers do not always use C&T limitations given in IEC and IEEE standards. Some of them may use continuous temperature and temperature limits interchangeably. However, all C&T limitations (based on intermittent temperature limit) should be considered to comply with industrial standards. In our opinion, using continuous temperature as a temperature limit may be very conservative and not necessarily permit utilising the transformer capacity most efficiently. This may be especially relevant in the context of growing needs in transformers at distribution networks and due to global warming.

Besides, loading guides may use different C&T limitations. However, no study quantifies the power limits based on multiple C&T limits, especially considering the intermittent temperature limit. Because of such a gap, it may be non-evident how C&T limits may affect each other while defining the thermal rating of transformers. IEC standard states that these factors may limit each other to a lower value. Still, it does not explain how often it happens and how this affects the final power limit. Moreover, the impact of different climates (i.e. ambient temperatures) should be studied as the latter may impact the interdependency between power and temperature limits. Considering these facts, it was decided to reassess DTR, considering C&T limits as the first task of the thesis.

The primary factor driving the reinforcement of distribution networks will be electric demand. Therefore, our thesis's second task is to investigate how much load can be connected to transformers using C&T limitations. As a reference case, it was decided to choose Russia and the methodology of its DSO to evaluate the reserve capacity of substations. The case of Russia is especially interesting as nowadays, the topic of reserved capacity is highly discussed in the Russian industry. Besides, it was discussed that DSOs worldwide have started using flexibility in their electrical network. That is why we were interested in how much flexibility (in our case, we focus on demand response) is needed to connect the given load while using the DTR of transformers. Hence, it was decided to extend the second task on coupling DTR with DR and apply it to the problem of reserve determination for load connections.

Apart from the first and second tasks, which are more practically oriented, it was decided to conduct theoretical investigations. Specifically, we had two theoretical hypotheses for utilising the transformer capacity more efficiently. The first hypothesis is that the transformer should have a limit of energy transfer as any physical object. The second hypothesis was that it is possible to apply different ageing limits as a function of the state of insulation and remaining calendar life to utilise the existing transformers better. Hence, the third task of this thesis will be investigating how the energy and ageing limit could allow better utilization of transformer capacity.

As a result of this research, it is possible to highlight five main contributions:

For DTR modelling:

C1. We propose a feasible region, the new technique for modelling the thermal rating of transformers. In contrast to existing methods, the feasible region allows modelling the intermittent temperature limit, not depending on the load profile. Moreover, the feasible region allows considering the mutual dependency between the power limit and C&T limitations. This mutual dependency was mentioned in the IEC standard but not explicitly explained yet. Hence, this thesis brings additional insights on this topic. For the first time, the transformer capacity was quantified for various C&T limits. This quantification allowed us to identify the limiting factors of transformer capacity in Tomsk and Grenoble. This, in turn, allowed us to reassess the impact of a winding temperature on the thermal rating, which has been usually considered a primary factor. On the one hand, our results confirm that for certain C&T limits, the winding temperature may be indeed always or partially the limiting factor of thermal rating. On the other hand, for other C&T limitations, the winding temperature may not affect the permissible loading at all. Finally, the recommendations for transformer overloading were formulated.

For DTR application:

C2. We integrated a DTR to determine transformer reserve capacity for connecting the new loads. In contrast to the existing DSO approach based on power ratings, the proposed approach is based on C&T limits. This allows unblocking of more transformer capacity and therefore connecting significantly more loads. To formalise the approach, we developed the algorithm based on quasi-robust consideration of uncertainties from load profile and ambient temperatures. Thus, it is ensured that the obtained reserve is located on the conservative side from the thermal point of view. C3. We coupled DR with DTR and demonstrated that this coupling might further increase the reserve capacity of transformers. Specifically, we developed the methodology to estimate the required amount of DR to ensure the given reserve margin. The methodology was formalized in an algorithm whose primary problem was formulated as an integrated DR design and management problem. Moreover, the advantage of using a temperature limit instead of a continuous temperature was also shown.

For DTR concepts:

C4. We investigated the energy limit of oil-immersed transformers for the first time. The energy limit was introduced as a notion, modelled through the existing techniques and discussed from the possible practical application point of view. Moreover, we studied the impact of ambient temperatures in Tomsk and Grenoble on the energy limit. This study identified typical characteristics of energy limits such as loading amplitudes and their durations. Furthermore, we estimated the highest theoretical energy transfer through transformers ONAN, ONAF, OD, and OF. Moreover, it was revealed that maximal energy transfer corresponds to a specific thermal state of the transformer. Finally, we showed that thermal inertias have a limited impact on maximal energy transfer. Thus, they can be ignored for the estimation of energy limits. C5. We developed general recommendations for the choice of the optimal ageing limit.

Specifically, it was demonstrated that the optimal ageing limit should be chosen as the ratio between the remaining insulation life and the remaining calendar life of transformers. Thus, main situations with different ratios were generalized. Moreover, it was shown that low ageing limits have a relatively higher increment of energy transfer in percentage versus high ageing limits. Besides, a maximal energy transfer through the transformer is estimated as a function of an ageing limit and calendar life.

Following the philosophy of open science [START_REF] Barthez | Passport for open science[END_REF], we decided to make available MATLAB code and the initial data used in this thesis. Thus, everyone interested in our modelling and simulations may reproduce them. Besides, we hope that this MATLAB code could be helpful for specialists in conducting their research. Hence, Table 23 refers to a particular thesis's contribution and provides the link for the GitHub repository where one may download the source code in MATLAB. Finally, if any updates in the code will be made after the publication of this thesis, they can be tracked via GitHub repositories. 
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 78 Figure 7 Power line capacity by voltage levels. Source: DNV GL [5]
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 9 Figure 9Traditional and new electricity system architecture. Redrawn from[4] 
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 10 Figure 10 Temperature limits of different power equipment in normal and emergency mode

Figure 11

 11 Figure 11 External and internal view of a power transformer. Figure is redrawn by author from power transformers 1000-6300 kVA, 35 kV [64]

Figure 12

 12 Figure 12Structural formula of cellulose. Source: IEC standard[START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] 

Figure 13

 13 Figure 13Correlation between DP and tensile strength. Source: IEC standard[START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF] 

Figure 14

 14 Figure 14 Transformer loadings equal to HST and TOT limits as a function of Tamb

3 )

 3 HST limits [98℃ 120 ℃ 140 ℃ ] and TOT limits [95 ℃ 105 ℃ ]; 4) Horizon = 24 hours; % The drawing the Loading -Tamb dependency: for each value from Tamb vector [-50 ℃ ...+50 ℃ ] set Tamb = const and Loading = 0.01 pu during 24 hours;

Figure 16

 16 Figure 16 Feasible region (the yellow area) for given C&T limits

Figure 17

 17 Figure 17 The same feasible region, but showing the loadings with normal ageing (green area)

Figure 19

 19 shows a feasible region built for C&T limitations: Current ≤1.5 pu HST ≤120 ℃ & TOT ≤105 ℃ and for Tamb profile on January 11, 2019, in Tomsk, Russia.

Figure 19 Feasible

 19 Figure 19 Feasible region limited by the current only

Figure 21 Feasible

 21 Figure 21 Feasible region limited by current and HST

Figure 22 Hourly

 22 Figure 22 Hourly Tamb from 1985 to 2019 in Tomsk, Russia and Grenoble, France. Source: MeteoBlue Figure 22 encompasses 12 506 daily Tamb profiles with an hour resolution in each city. For these Tamb profiles, it is possible to define 12 506 daily feasible regions corresponding to different combinations of C&T limitations (Figure23). In Figure23, the yellow area is reserved for the HST limit only as in Figure17. In contrast, the top line of the feasible region in Figure23corresponds to the black line. Figure23allows seeing that the black line shape (a limiting factor) of these feasible regions is variable. To quantify this DTR variability, mean DTR and its maximum and minimum deviations are estimated for the given (the most common) formulations of C&T limitations. (Figure24).

Figure 24 Mean

 24 Figure 24 Mean DTR with maximum and minimum deviations during 34 yearsTable 8 Numerical data from Figure 24

Figure 25 Mean

 25 Figure 25 Mean DTR with maximum and minimum deviations in each monthFigure25shows that dark green bars (DTR based on the continuous HST) exceed the nominal rating of the transformer during almost all months. However, in the summer months, such DTR should be set lower than the nominal rating to avoid the violation of the continuous HST. As mentioned earlier, the dark green bars are a classic example of DTR, studied in many papers[START_REF] Harrap | Predicting practical benefits of dynamic asset ratings of 33KV distribution transformers[END_REF],[START_REF] Yang | Dynamic Network Rating for Low Carbon Distribution Network Operation-A U.K. Application[END_REF]. However, these papers do not consider other bars shown in Figure25. This leads to a very conservative estimation of DTR.

Figure 28

 28 Figure 28 Exponential dependencies of AAF on HST. Y-axis has a log scale.

Figure 29

 29 Figure 29 Black lines: transformer loadings correspond to HST1%.Orange and blue bars: histogram of Tamb in Tomsk and Grenoble based on 34-years history

Figure 30

 30 Figure 30 Loadings, which can be used for compensation of accelerated LoL (based on Tamb)

Following

  the philosophy of open science, MATLAB code and data used in this chapter are available in open access at GitHub repository.

Figure 31

 31 Figure 31Biggest obstacles faced by firms. Source: World Bank[START_REF]Getting Electricity Indicator -What it measures, Why it matters, What are the results, and good practices?[END_REF] 
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 32 Figure 32Top performers on Getting Electricity in the world. Source: World Bank[START_REF]Getting Electricity Indicator -What it measures, Why it matters, What are the results, and good practices?[END_REF] 

Figure 33

 33 Figure 33 Loadings of a distribution network in 2012-2015. Source: Rosseti [381]. Translated from Russian by the author In accordance to Rosseti [381], low loadings during 2012-2015 were caused by: 1. Manifold overvaluation by consumers of their maximal load during a technological connection 2. The rapid decline in the net energy output of Rosseti's subsidiaries in comparison with the general reduction in the electrical consumption 3. Errors in the forecasting of future loads 4. The concentration of consumer applications in areas lacking transformer capacity instead of sites with abundant transformer capacity.

  [387]. According to an analysis held in 72 regions of Russia [388], the reserved capacity in Russia reaches 133 GW in 2019. Another study, held in 2020 in over 65 regions in Russia, showed that only 35 % (55 GW) of network capacity was utilized, whereas 65 % (101 GW) represents the unused reserved capacity[385]

Figure 34

 34 Figure 34 Costs of load connections in Russia. Exchange rate: 85 RUB = 1 EUR. The source: Rosseti. Translated from Russian by the author

Figure 35

 35 Figure 35 Operation of wholesale and retail markets in Russia. Source: [390]. Translated from Russian by the author

Figure 37

 37 Figure 37 Utilization of distribution network capacity 35 kV and above in 2015. Source:[START_REF] Россети | Динамика загрузки мощности электросетевого оборудования за последние годы и влияющие на нее факторы[END_REF].Translated from Russian by the authorAlthough in 2015, a peak load of existing consumers was reaching 78.9 GW, the booked (nonused) capacity was 87.4 GW. Such a share of non-used capacity may be a reason, among many others explaining the large percentage of the grid tariff in Russia's final price of electrical energy. For instance, the share of a grid tariff at the cheapest HV level reaches 20% and up to 55% at the LV level. In comparison, the similar share in other countries usually remains at the level of 10-15% [394]. Figure38shows the composition of final electricity prices in Russia in 2017 and 2020 following [387].

Figure 38

 38 Figure 38 Composition of final electricity prices in Russia for 2017 and 2020. Source: [387]

Figure 40

 40 Figure 40 Deficit of transformer capacity in Russia and a number of substations unavailable for new load connection. Source: [425]The number of closed substations during 2011-2015 stabilized around 2350 (see Figure40), whereas the capacity deficit converges to around 12 GW. Such a situation may be typical for the downtowns of large cities (>1 million people) such as Moscow or Saint Petersburg. Building new network capacities in such megapolises is problematic due to high building density, urban protection requirements, and difficulties in obtaining approvals for the works [400].
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 41 Figure 41 Share of closed substation and the share of the capacity deficit in Russia. Source:[START_REF] Россети | Доступность и эффективность использования электросетевой инфраструктуры[END_REF] 

  substations Share of capacity deficit in total installed capacity of substations
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 42 Figure 42 Historical Tamb in Tomsk over 30 years. Source: MeteoBlue
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 4344 Figure 43 Histogram of Tamb in September since 1985
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 45 Figure 45 Assumed load profile of new consumer during the year
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 46 Figure 46 Initial load profile of primary substation and reference Tamb graph in Tomsk

Figure 47

 47 Figure 47 Initial load profile (blue) and the same load profile after adding reserve (orange)

Figure 48 Annual

 48 Figure 48 Annual HST profile and corresponding LoL Results show that transformer HST and LoL do not exceed their permissible values: }% = 115,5 °С ≤ 120 °С (28) = 888 ℎ ≤ 8 760 ℎ (29)
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 50 Figure 50 Case study-(a) outdoor secondary substation; (b) hourly load in kilovolt ampere (kVA) and monthly maximum ambient temperature (θ t a ) in Grenoble, France.

Figure 51

 51 Figure 51 Preliminary results for yearly simulation: load growing from 1% to 100% of nominal rating (reserve in pu). The initial loading of the studied distribution transformer is 86% (see the yaxis of the central figure).

Figure 52

 52 Figure 52 Number of days where thermal limits are reached.
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 53 Figure 53 The procedure for finding the necessary volume of Demand Response (DR) to interconnect the studied reserve.
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 54 Figure 54 Validation run with "energy shifting": (a) transformer loadings; (b) temperatures.
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 55 Figure 55 Validation run with "energy shedding": (a) transformer loadings; (b) temperatures

Figure 56

 56 Figure 56 Validation run with "energy shedding" and ageing: (a) transformer loadings; (b) temperatures.
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 57 Figure 57 One-week profiles in January, comparison of the base case and Dynamic Thermal Rating (DTR)/DR in "energy-shedding mode"

Figure 58

 58 Figure 58 Obtained results for different reserve margins and DR in "energy-shedding" mode: (a) DR rated power; (b) DR power share compared to the added load; (c) DR rated energy; (d) DR energy share compared to the total energy of load.
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 59 Figure 59 Power shedding over the year-75% reserve in "energy-shedding" mode.

Figure 60

 60 Figure 60 displays the duration curves for the hot-spot temperature over the year and for different simulations with 75% of reserve (i.e., added 375 kVA to the 500-kVA transformer already loaded for 215 kVA in N mode and 430 kVA in N-1).

Figure 60

 60 Figure 60 Yearly temperature duration curves: 75% reserve in "energy-shedding" mode leading to less than 1% energy curtailment, as seen in Figure 58
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 61 Figure 61 Results: DR modelled with or without payback effect, i.e. the energy conservation: (a) DR power in kW; (b) DR energy in kWh.
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 62 Figure 62 Transformer, limiting an energy transfer between two zones
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 63 Figure 63 Maximization of the energy generation using flexibilities by RES operators
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 164 Figure 64 Criteria of thermal ratings for DER interconnection in different countries[START_REF] Cigre | Capacity of Distribution Feeders for Hosting Distributed Energy Resources[END_REF] 
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 65 Figure 65 Case study for investigating the highest energy transfer through transformers
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 66 Figure 66 Optimal transformer loading, S(t), with corresponding HST and TOT
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 69 Figure 69 Hourly Tamb in Tomsk and Grenoble from 1985 to 2019. Source: MeteoBlue
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 70 Figure 70 Duration curves of Tamb s in Tomsk, Russia and Grenoble, France
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 71 Figure 71 Loading duration for all transformers in Tomsk, Russia and Grenoble, France
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 72 Figure 72 Maximal, minimal and mean loadings of energy limits in each month
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 73 Figure 73 Maximal energy transfer through transformers in comparison with energy delivered at a constant nominal rating
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 74 Figure 74 The general case showing the remaining insulation life calendar life of transformers

Figure 75

 75 Figure 75 Arbitrary load profiles having the same LoL (1 pu) but different energy transfer. The load profile is given in 1-min resolution but assumed constant over 1-hour step.

Figure 76

 76 Figure 76 Top figure: optimal load profile (the black line) ensuring the highest energy transfer and thus the optimal utilization of insulation. Bottom figure: a cumulative ageing (the blue line) and a hot spot temperature (the red line), corresponding to the black line.

Figure 77

 77 Figure 77 Optimized load profile (the black line) ensuring the highest energy transfer for one week at rated Tamb =+20 ℃ : (two top figures) and real Tamb in Grenoble, France (two bottom figures)
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 78 Figure 78 Situations when various ageing limits (LoL in the figure) maximize the energy transfer at the remaining calendar life of the transformer

Figure 79

 79 Figure 79 Energy transfer as a function of ageing limits for 3 cases. % on the y-axis is related to each case alone and not intended to compare shown cases.
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Table 1 C&T limits for transformers below 100 MVA designed per IEC 60076-2 Limits Loading Type Normal Cyclic Long-Term Emergency Short-Term Emergency

 1 

	Current	1.5 pu	1.8 pu	2 pu
	Winding hot-spot temperature and metallic parts in contact with cellulosic insulation material	120 ℃	140 ℃	180 ℃
	Other metallic hot-spot temperatures in contact with oil, aramid paper, glass fibre materials	140 ℃	160 ℃	Not specified
	Inner core hot spot temperature	130 ℃	140 ℃	Not specified
	Top-oil temperature	95/105 ℃	115 ℃	Not specified
	Loss of insulation life	≤1 pu	>1 pu possible Not specified

Table 3 Description of contributions Contributions DTR modelling -C1

 3 

Table 4 Main publications with thesis contributions

 4 

	№	Name of publication	Journal/Conference	Link
	C1	Assessment of dynamic transformer rating, considering current and temperature limitations	International Journal of Electrical Power & Energy Systems (	

IF: 3,588, Q1), 2021

  

				[343]
	C2	Application of dynamic transformer ratings to increase the reserve of primary substations for new load interconnection	CIRED conference in Madrid, Spain 2019	[344]
	C3	Demand response coupled with a dynamic thermal rating for increased transformer reserve and lifetime	Energies (IF: 2.702, Q2), 2021	[345]
	C4	Energy limit of oil-immersed transformers: A concept and its application in different climate conditions	IET Generation, (IF: 2,862, Q1), 2021 Transmission & Distribution	[346]

Table 5 STR of power transformer as a function of daily mean Tamb

 5 

	Mean Tamb, ℃ STR, pu	-20 1.2	-10 1.2	0 1.15	+10 1.08	+20 1	+30 0.91	+40 0.82

Table 6 C&T limitations in IEC/IEEE and national standards of Russia Limiting parameters

 6 

		International		National (Russian)	
		IEC [91]	IEEE [68]	STO [357]	GOST [366]	GOST [367]
	Current, pu	1.5	2	-	1.5	1.5
	HST, ℃ TOT, ℃	120 105	120 105	138 105	140 95	140 105

Table 7 Thermal characteristics of ONAF power transformer (≤ 100 MVA)

 7 

	Oil exponent, no unit Winding exponent, no unit	x y	at rated current, K 0.8 Design ambient temperature, ℃ 1.3 Hot-spot to the top-oil gradient	θa Δθhr 35 20
	Loss ratio, no unit	R	8 Top-oil temperature rise, K	Δθor 45
	Oil time constant, min	τo 150 Thermal constant, no unit	k11 0.5
	Winding time constant, min	τw	7 Thermal constant, no unit	k21	2
	Design hot spot temperature, ℃	θh	98 Thermal constant, no unit	k22	2

Table 9 Worst-case LoL in pu or the number of days

 9 

	The worst LoL Continuous HST Results in Table	98 ℃ 110 ℃	120 ℃ 12.7 pu 2.7 pu	HST limit	140 ℃ 128 pu 17.2 pu

Table 10 Number of days per year for overloading and compensating the accelerated ageing

 10 

	Overloading days Continuous HST 98 ℃ 110 ℃ Compensating days Continuous HST 98 ℃ 110 ℃	120 ℃ ≈ 26 days ≈ 98 days 120 ℃ ≈ 339 days ≈ 267 days	HST limit HST limit	140 ℃ ≈ 2 days ≈ 20 days 140 ℃ ≈ 363 days ≈ 345 days

Table 11 Contribution of this chapter and the journal where it was published № Contribution of this chapter

 11 

  Moreover, in 2017 CAPEX for construction of new network capacities was excluded33 from connection fees for loads below 150 kW (typical for the small and medium business)[386]. As a result, the number of applications and CAPEX doubled in particular regions in 2018[386]. Still, the capacity provided on preferential fees for such consumers is generally used only for 15-20%, i.e. 80-85 % are not utilized[388]. For example, for 2010-2016, DSO built 17 GW capacity after residential and small consumers request while only 3.3 GW was used[385].

Table 12 Expenses of Network company used to calculate TRR Nature of expenses Types

 12 

		 Raw materials and supplies
	Controllable expenses	 Salary and social security
		 Maintenance program
		 Payments for the energy transfer through an
		upstream transmission network
	Non-controllable expenses	 Amortization  Taxes
		 Rent payments
		 Costs of technological connections
	The investment program of DSO  Construction of new facilities and reconstruction

  2 million per year [386]. On the other hand, under a pessimistic scenario of the consumer community, only large consumers should pay €3.8 billion [386]. At the same time, the Ministry of Economic Development estimates that cumulative payments of the industry should be around €4.6 billion for four years after introducing such a mechanism [402]. Meanwhile, the Ministry of Energy states that payment will be at the level of €5.15 billion for 2021-2024 [402].

Due to impact on many companies, much attention is drawn in Russia. On the one hand, Rosseti and the Ministry of Energy have actively supported the project [384],

[START_REF] Cigre | В Совете Федераций обсудили проблему резерва мощности и развитие интеллектуальных[END_REF]

,

[START_REF] Россети | Опыт реализации технологических присоединений для проектов среднего бизнеса: технологии, малого и статистика, планы развития[END_REF]

-[408]. On the other hand, the project was vigorously criticized by the consumer community, Ministry of Economics, Ministry of Construction, Housing and Utilities, Federal Antimonopoly Service, and Generating companies [384], [385], [412]-[416], [395], [396], [402], [404], [405], [409]-[411]. The discussion between project authors and their opponents is available in [417].

Table 13 Transformer thermal parameters used in the case study

 13 

	Parameter	Value	Parameter	Value
	x	0.8	Δθhr	26
	y	1.3	Δθor	52
	R	6	k11	0.5
	τo	150	k21	2
	τw	7	k22	2

Table 14 Results of the algorithm at steps 1-2

 14 

Table 15 Contribution of this chapter and the conference where it was presented

 15 

Table 16 Limits for distribution transformers applicable for different types of loadings

 16 [START_REF] Iec | Standard 60076-7 Loading guide for oil-immersed power transformers[END_REF].

			Loading Type	
	Limits	Normal Cyclic	Long-Term Emergency	Short-Term Emergency
	P tr (p.u.)	1.5	1.8	2
	θ h (℃)	120	140	180
	θ o (℃)	105	115	Not specified
	AEQ (p.u.)	1	>1 possible	Not specified

Table 17 Thermal characteristics of ONAN distribution transformer.
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	y	R	τo	τw	θa
	1.6	5	180	4	20
	Δθ hr	Δθ or	k11	k21	k22
	23	55	1	1	2

  .

							o t	o	t T
	obj	: min	P	DRr	DRr 1h E	s.t.	h t tr t P	h 1.5 p.u t T t T
							AEQ	1

  )

		P	DRr		t P	DR		P	DRr		t T  	(37)
	tr P K t 	trR	l P P t t  	DR	t T  

Table 18 Contribution of this chapter and the journal where it was published № Contribution of this chapter
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Table 19 Thermal characteristics of transformers: ONAN, ONAF, OF, OD [14]

 19 

	Parameter, units		Distribution ONAN	Medium or large power transformer ONAN ONAF OF OD
	Oil exponent, no unit	x	0,8	0,8	0,8	1	1
	Winding exponent, no unit	y	1,6	1,3	1,3	1,3	2
	Loss ratio, no unit	R	5	6	6	6	6
	Oil time constant, min	τo	180	210	150	90	90
	Winding time constant, min	τw	4	10	7	7	7
	Ambient temperature, ℃ Hot-spot temperature, ℃ Hot-spot to top-oil gradient at rated current, °K	θa θh Δθhr	20 98 23	20 98 26	20 98 26	20 98 22	20 98 29
	Top-oil temperature rise, °K	Δθor	55	52	52	56	49
	Thermal constant, no unit	k11	1	0,5	0,5	1	1
	Thermal constant, no unit	k21	1	2	2	1,3	1
	Thermal constant, no unit	k22	2	2	2	1	1

Table 20 Contribution of this chapter and the journal where it was published № Contribution of this chapter

 20 

Table 21 Specific values of green and blue bars in Figure 78

 21 

	Case	Used	Insulation life Remaining	Used	Calendar life Remaining
	I	30 %	70 %		
	II	50 %	50 %	50 %	50 %
	III	70 %	30 %		

Table 22 Contribution of this chapter and the journal where it was published № Contribution of this chapter

 22 

Table 23 GitHub links to initial code for each contribution

 23 

		Publication	Journal/Conference	Link	GitHub
	C1	Assessment of dynamic transformer rating, considering current and temperature limitations	International Journal of Electrical Power & Energy Systems (	

IF: 3,588, Q1), 2021

  

				[343]	[378]
		Application of dynamic transformer			
	C2	ratings to increase the reserve of primary substations for new load	CIRED conference in Madrid, Spain, 2019	[344]	[431]
		interconnection			
	C3	Demand response coupled with a dynamic thermal rating for increased transformer reserve and lifetime	Energies (IF: 2.702, Q2), 2021	[345]	[456]
		Energy limit of oil-immersed	IET Generation,		
	C4	transformers: A concept and its application in different climate	Transmission & Distribution	[346]	[480]
		conditions	(IF: 2,862, Q1), 2021		
	C4, C5	Optimal ageing limit of oil-immersed transformers	CIRED conference in 2021 (held online) Geneva, Switzerland	[347]	[486]

In the report of DNV GL, the term "grid" is a synonym of electrical network. However, other publications, especially from USA, may also use the term "grid" as synonym of a power system. That is why it is necessary to clarify that in this thesis, the terms "grid" and "electrical network" are used interchangeably.

Even small rises in mean ambient temperatures may cause serious changes in Earth's climate. For instance, the Nature study[START_REF] Tierney | Glacial cooling and climate sensitivity revisited[END_REF] emphasizes that the difference between a mean temperature of nowadays and global Ice age (20 000 years ago) was 6 ℃ only. Another source[START_REF] Stahlhut | A preliminary assessment of the impact of ambient temperature rise on distribution transformer loss of life[END_REF] states about 4℃ difference with the ice age.

Heat wave is a period of several days or even weeks with abnormally hot ambient temperatures, which often coincidence with high humidity[START_REF] Simpson | Global Climate Change Impacts in the United States[END_REF].

This zone is shown only for the case if winding temperature is a limiting factor. However, a current or oil temperature may also limit the admissible loadings of transformers. This is discussed in Chapter II.

In accordance with CIGRE survey[START_REF] Cigre | A survey of facts and opinions on the maximum safe operating temperature of power transformers under emergency conditions[END_REF] on a safe maximal temperature, the limit of 120 ℃ was chosen after measuring the mechanical and chemical condition of insulation after 1-year tests. Depending on oil types, it was found that the remaining tensile strength of insulation was around 20 % -45 % of initial values. Hence, it was decided that it cannot be sufficient to withstand short-circuit currents. Thus, it is necessary to limit the temperature to 120 ℃ in emergency case.

Transformer tanks are supposed to withstand a 25% overpressure[START_REF] Swift | Adaptive transformer thermal overload protection[END_REF] 

In accordance with[START_REF] Cruz | Dynamic Rating for Transformers using Analytics and Comprehensive Monitoring[END_REF], around 34 large power transformers fail each year worldwide[START_REF] Cruz | Dynamic Rating for Transformers using Analytics and Comprehensive Monitoring[END_REF]. This is around 0.28 % of total fleet -12 000 large power transformers in the world. The replacement cost is 5 mln. $ in average.

Despite positive effect of water spay on cooling, IEEE standard[START_REF]C57.91-2011 Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage Regulators[END_REF] does not recommend to use this technique for normal loading beyond the nameplate ratings because of build up on the cooling equipment (due to minerals in water) over the long run. Under condition of additional precautions, water spray may be used for emergencies. Nevertheless, measures should be taken to avoid any flashover between different phases (at bushings).

Total Harmonic Distortion (THD) is a parameter that shows how much the current and/or voltage sinusoids are distorted due to presence of harmonics. Usually, THD should not exceed 5%[71],[START_REF]Recommended Practice for Establishing Liquid-Filled and Dry-Type Power and Distribution Transformer Capability When Supplying Nonsinusoidal Load Currents[END_REF] but if considering actual winding temperature, it may be acceptable to operate the transformer during the most of the time even at higher THD e.g. 23% and 54%[START_REF] Das | Is Transformer kVA Derating Always Required Under Harmonics? A Manufacturer's Perspective[END_REF].

Concerning this issue, there is an interesting example[START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF]. Specialists at New England Electric System asked the transformer manufacturer if it is possible to load their old transformers up to the guaranteed temperature limit 95 ℃. Preliminary, manufacturer responded yes but its specialists were not sure about internal connections

Computer programs considering thermal limits of transformers were already used since 1960, e.g. in New England (but not in real time as DTCR or PTLOAD do)[START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF]. Moreover, first practices of transformer's overload were implemented much earlier, e.g. in the same Philadelphia, they were performed since 1938[START_REF] Blake | Oil-Immersed Power Transformer Overload Calculations by Computer[END_REF].

Note that AAF formula in equation (9) is based on Montsinger's model. It is recommended to use this model in the temperature range from 80℃ to 140℃[START_REF] Resende | The transformer thermal loss of life: Part 1improved deterministic approach for thermal and ageing models[END_REF],[247]. At the same time no temperature restrictions are applied to equation (10) -based on Dakin -Arrhenius model[START_REF] Resende | The transformer thermal loss of life: Part 1improved deterministic approach for thermal and ageing models[END_REF].

The exchange rate RUB/EUR is 85 RUB per 1 EUR as it was on September 29, 2021. Standardized connection fees are equal to 550 RUB

This was done in the framework of new guidelines from Federal Antimonopoly Service on a determination of connection fees for technological connections[494] 

Indicative price is a weighted average price per MWh calculated used to determine regulated tariffs for electric power (capacity) on retail markets for the relevant regulation period;

This is the price of the electric grid company's services for the delivery of electricity.

The price for the services of supplier companies. The share of this price usually 2-4%.

This is a small fee for the services of System Operator of the Unified Energy System, Administrator of Trading System and Financial Settlement Center. The share of these payments in the structure of the final price is 0.1%.

Some sources [412], [386] state, however, that introduction of this mechanism may actually increase tariffs for energy service and not reduce it

DSO must ensure that the measured load is typical. In other words, no emergency or maintenance situation must be in place while conducting load measurements at primary substation. Apart of that, the studied substation must not be under increased load due to a load transfer from adjacent substations, operating in emergency or in maintenance mode. If, however, such non-typical situation is in place, DSO should use typical load obtained from the most recent load measurements.

and 10 kV then DSO considers such two-transformer substation as two one-transformer substations.

As many studies consider only green area of feasible region, it is necessary to conduct the additional research, which would define the impact of climate change on the total feasible region of transformers. This is kept for future research

Figure 23 Estimation of feasible regions during 34 years

cautiously as the latter depends on chosen C&T limits, Tamb in a given location, and the thermal characteristics of the transformer. The advantages of the proposed approach for load profile consideration of new consumers are following:

1. The proposed approach can be easily adapted in practice since the existing application has information about the peak load of the new consumer. Thus, it is a sufficient condition (together with the reference Tamb and the initial load profile) to estimate the worse HSTmax and LoL.

2. The constant load profile of the new customer allows obtaining the worse HST and LoL compared to HST and LoL of any other load profiles with the same peak load. However, DSO may need to model the existent loads, which are temperature-sensitive (out of scope of this thesis).

Algorithm for substation reserve determination

The goal of this section is to present the algorithm for reserve determination with HSTmax and LoL consideration: This optimization problem is subjected to a set of constraints related to transformer loadings [START_REF] Burillo | Electricity infrastructure vulnerabilities due to long-term growth and extreme heat from climate change in Los Angeles County[END_REF], temperature limitations [START_REF] Chandramowli | Impact of climate change on electricity systems and markets -A review of models and forecasts[END_REF] and [START_REF] Ena | Climate Change Adaptation Report[END_REF] and equivalent loss of insulation life [START_REF] Fant | Climate change impacts and costs to U.S. electricity transmission and distribution infrastructure[END_REF].

Where C( ) , ( ) are calculated using ( 45) -( 48) for = 0 and ( 49) -( 52) for > 0

With % ( ) , the transformer loading at time t, C( ) , the top-oil temperature at time t, ( ) , the Tamb at time t, ( ) , the hot-spot temperature at time t and LoL, the equivalent loss of life on the studied period.

The optimization problem (40)-( 52) for each transformer cooling type was solved in MATLAB by fmincon (SQP algorithm). Preliminary tests showed that fmincon has the best performance and a much faster convergence time than global-search solvers: genetic algorithm, patternsearch available in MATLAB toolbox. At the same time, the SQP algorithm also demonstrated either the best or not worse performance compared to other fmincon algorithms (interior point method, trust-region-reflective etc.).

Figure 66 shows the optimal loading of transformers, depending on its technology and Tamb (input data), which maximizes the energy transfer through transformers. The values of constraints (hot-spot and top-oil temperatures) are also represented. In each case, LoL reached 1 pu exactly.

Current limit is reached HST < reference HST HST > reference HST

Figure 68 Energy limit (loading profiles) in cold Tamb

As seen from Figure 68, the optimized shape of the energy limit in cold Tamb does not correspond to the typical shape of steady-state power limits (where HST is quasi-constant). Instead, the energy limit conforms to the HST shape, which follows the logic of intermittent temperature limit -a short operation above rated HST. However, such extreme ambient conditions are rare. Therefore, typical characteristics of energy limit (expressed by steadystate power limits) should remain valid most of the time.

Whatever the shape of the energy limit is, the HST remains near rated HST, and TOT is much below the TOT limit. Thus, energy limits maximize the energy transfer and simultaneously avoid the high thermal stress of transformers. This brings a particular benefit of energy limits to power systems operation.

Quantification of energy limits in different climates

Estimating energy limits in different climates allows obtaining the characteristics of transformer loading profile if DSO applied active operation strategies (flexibilities). Thus, the energy limit, estimated in this section, should represent loadings of the transformer, operating at its physical limit in the context of smart grids. As mentioned in Section 1.2, such transformer operation can be beneficial for interconnections, the maximization of RES generation, and increasing the hosting capacity of distribution networks.

In this section, energy limits of oil-immersed transformers are estimated in the cold climate of Tomsk, Russia and the warm climate of Grenoble, France. Section 3.1 provides initial data and assumptions, whereas section 3.2 shows the results. Finally, section 3.3 provides a short discussion of limitations.

Historical ambient temperature in Tomsk and Grenoble

Firstly, a time horizon should be defined to investigate the impact of the climate on energy limits if the latter depends only on Tamb. The climate normal, used in climate science, states that all weather anomalies in a geographical area can be considered within the previous 30 years [START_REF]Guidelines on the Calculation of Climate Normals[END_REF]. In other words, the studied period should be at least 30 years long. That is why Figure 69 shows a simulated mean-hourly Tamb from January 01, 1985, to March 29 2019 (day of data download) [START_REF] Meteoblue | history+ -Historical weather data since 1984[END_REF].