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Abstract: Tackling climate change is one of the greatest challenge humanity is going to face and it demands
a transition towards a more sustainable energy sector. A Life Cycle Analysis (LCA) of transformers from 1980,
2022, and 2050 is conducted, following the established legislative framework within the European Union
(EU) to integrate environmental criteria for green procurement. Transformers play a key role in the electrical
grid, and as the economy increasingly embraces electrification, it becomes imperative to comprehend and
improve their environmental impact. The performed LCA of the three transformers reveals the most signifi-
cant stages: manufacturing and operation, as well as the major impact categories: climate change, acidifica-
tion, resource use - fossil, and resource use - minerals and metals. Transformers have undergone advance-
ments towards sustainability, resulting in a general reduction of their environmental impacts. The infor-
mation extracted from LCA is crucial for continuing making informed decisions at the mitigating of environ-
mental impacts related with life cycle of transformers. This project develops a simplified tool to integrate
environmental criteria in purchasing processes. The user-friendly interface enables the development of LCA
without the need of extensive expertise, promoting the consideration of environmental factors when making
purchasing decisions and thereby fostering more sustainable practices.

Keywords: Life Cycle Assessment; Distribution transformer; Green procurement; Sustainability.

1. Introduction.

During the past years, an increase in the concentration of greenhouse gases in the atmos-
phere and in the number of extreme weather events is causing significant impacts on the devel-
opment of human activity. The effects of climate change are manifested in material losses and
population migrations !, generating an increasing concern in the society that has given rise to a
socio-cultural movement towards sustainable development.

During the last decades, scientists have studied climate change and how human activities
impact on the Earth. In 2009, Johan Rockstrom led a team of scientists to identify planetary
boundaries, which are critical thresholds for the stability and resilience of the Earth system 2. In
this study, they determined that exceeding planetary boundaries could lead to significant and
non-reversible environmental consequences. During 2022 several limits were already exceeded,
threatening the integrity of the biosphere and biochemical cycles, which could trigger serious con-
sequences for the Earth's equilibrium 3.

Humanity is therefore facing one of its greatest challenges in history: climate change. In this
context, this project aims to promote the integration of sustainable initiatives in companies
through the adoption of green purchasing criteria.

Sustainability has become a fundamental concept, the first time it was defined was in 1987
by the United Nations Brundtland Commission as "Sustainable development is development that
meets the needs of the present without compromising the ability of future generations to meet
their own needs". To face climate change, sustainability is considered indispensable for busi-
nesses, governments, and educational institutions. It is crucial that they analyze their environ-
mental impact and implement different strategies to improve their performance to achieve a
more balanced and responsible future.
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Integrating environmental criteria into purchasing processes involves selecting products
with a lower environmental impact. It is an important opportunity for companies to make a posi-
tive contribution to reducing their environmental impacts as they are promoting the most sus-
tainable product. In addition, the evaluation of the environmental performance of a product also
favors the analysis and complete knowledge of this product, as for example it offers the oppor-
tunity to improve its functional characteristics.

There are different environmental assessment methods. For this project the one selected is
the Life Cycle Assessment (LCA), a science-based method that evaluates the inputs, outputs, and
potential environmental impacts of a product throughout its entire life cycle, from the extraction
of raw materials to the end-of-life of the product.

The EU has made a major commitment to promote sustainable development, creating a reg-
ulatory framework that favors activities that have an appropriate environmental performance.
Under this framework, the Product Environmental Footprint (PEF) Guide® has been published. It
establishes a common framework for performing LCAs in the EU to facilitate the comparison be-
tween different EU products. The PEF Guide enables a transparent and reliable comparison.

The most relevant impact category the energy transition aims to achieve is climate change.
The objective of the energy transition is to electrify the economy, which implies an increase in the
development of electricity grids. But this development must be sustainable. For this reason, man-
ufacturers, distributors, and regulators are increasingly focusing on studying the environmental
impact of electrical products. Among these initiatives, it is worth highlighting the regulation of the
transformer as a key part of the network: In 2014 after an analysis on the environmental and
economic aspects of transformers, “Regulation (EU) No. 548/2014 on implementing Directive
2009/125/EC of the European Parliament and of the Council with regard to small, medium, and
large power transformers” ® was published. This Directive establishes minimum energy efficiency
requirements around the operation phase of the transformers, as it was identified as the most
significant phase of the environmental performance.

After the Regulation (EU) No. 548/2014 was published, similar research and studies have
been carried out. As an example, several papers were presented at the International Conference
on Electrical Distribution. In these papers the LCA enable the comparison between transformers
with amorphous metal cores and grain-oriented magnetic steel 7 or transformers with different
smart technologies implemented®. The studies have compared the different types of transformers
and evaluate their sustainability in all the stages of the life cycle. In addition, it was also analyzed
the impact of transformers related to the integration of renewable energies into the electrical
grid. The importance of the LCA lies in the essential information it provides, enabling the company
to reduce the environmental impact of any product by focusing on the changes that will make the
most significant environmental improvements.

According to these papers, the most significant environmental stage of the transformer’s life
cycle are the electrical losses that occur during voltage transformation in the operation. However,
this impact is directly related to the electrical generation mix, therefore, an evolution towards
more sustainable mixes will result in a reduction of the environmental impact of this stage com-
pared to other phases of the life cycle.

2. State of the Art.
2.1. History of the Life Cycle Assessment (LCA) *°.

Life Cycle Assessment (LCA) is a science-based method which requires the study of all the
life cycle of a product from the extraction of raw materials to its end of life. LCA is a quantitative,
transparent, and replicable method, these characteristics makes it a powerful tool.

LCA has experienced notable development since the first time it was used in 1963 to analyse
by-products of a Nuclear Power Plant. Coca-Cola also used it to study in 1969 the impacts of their
containers. Also, in 1974, the US Environmental Protection Agency published the first public LCA
study comparing nine container alternatives!,

Developing an LCA is complex and time consuming due to the significant knowledge it re-
quires. Therefore, one of the most significant achievements in LCA history was the development
of professional tools in the 1980s. GaBi, the commercial software, was launched in 1984 and

47
48
49
50
51
52

53
54
55
56

57
58
59
60
61

62
63
64
65
66
67
68
69
70
71
72

73
74
75
76
77
78
79
80
81
82

83
84
85
86
87

88

89

90
91
92

93
94
95
96

97
98
99



Development of a Tool for the Life Cycle Assessment of a Medium Voltage Transformer for the Distribution Grid 2023 3 0of 26

became widely used. Additionally, in 1990, the first version of SimaPro was published and it has 100
become one of the most commercial 101
software used for LCA. 102

The International Organization for 103

Standardization (ISO) published a series 104

S _ of standards between 1997 and 2007 to 105
Distribution Installation define a common framework for devel- 106
oping an LCA. These standards include 107

ISO 14040:20062 and ISO 14044:2006%3, 108

which establish the principles and guide- 109

lines for LCA. 110

) Also, to perform comparable LCA 111
Manufacturing Use they must be based on the same data- 112
bases. Therefore, in 2003 the first ver- 113

sion of Ecoinvent was published. Ecoin- 114

vent is one of the most relevant Life Cy- 115

cle Inventory databases used all over the 116

End- of- life world. The database contains the charac- 117

terization factors which are necessary to 118

obtain the environmental impact of each 119

stage. 120
Figure 1: Life Cycle Assessment stages.
The software and the database de- 121

velopment have facilitated the use of 122
LCA, establishing it as a reference tool for evaluating environmental performance. Over the fol- 123
lowing years, updated methodologies, databases, and calculation tools were published, defining 124
flows, relationships, and characterization factors in life cycle assessment. However, there were 125
different methods and approaches which made impossible to compare results between different 126
LCA studies. 127

The European Union to develop a regulatory framework of LCA and facilitate the comparison 128
between European products published the “Product Environmental Footprint (PEF) Guide” > in 129
2012. The PEF guide establishes more specific requirements and the minimum contents for LCA 130
studies in the UE. Also, it indicates that more specific standards should be develop for the different 131
categories of products. These standards are known as Product Category Rules (PCRs). Once an 132
LCA is performed following an PCR and audit, the product will have an Environmental Product 133
Declarations (EPDs). An EPD is a standardized document that provides transparent and compre- 134
hensive information about the environmental impact of a product throughout its entire life cycle. 135
The data it should contain is declared in the PCR. EPDs serve as valuable tools for consumers, 136
purchasers, and policymakers to make informed decisions and compare the environmental per- 137
formance of different products. The development of this comprehensive framework has solidified 138
LCA as the primary method for assessing and comparing the environmental impact of products. 139

2.2. Distribution Network - The Transformer as a Key Component. 140

The policies and laws that promote the energy transition aims to integrate a larger capacity 141
of Distributed Energy Resources (DER). This new energy paradigm presents significant challenges 142
for the existing distribution network. The integration of renewable energies into the electrical grid 143
is an important challenge. In the article titled "Radical change in the Spanish grid: Renewable en- 144
ergy generation profile and electric energy excess" ** it is analysed how the installation of renew- 145
able energies can exceed expectations and might end up altering the grid. 146

The energy transition implies a significant change, especially in the end-users such as small 147
industries, businesses, and households, who now can reduce their energy consumption by in- 148
stalling photovoltaic solar energy systems for self-consumption. 149

The electrical system consists of infrastructures that enable the transportation and distribu- 150
tion of electricity from power generation plants to consumption points. The infrastructure is clas- 151
sified based on the different voltage levels: very high, high, medium, and low voltage. Before the 152
energy transition, the development of the grid was focused on the infrastructure of very highand 153
high voltage. But now, a development and expansion of low and medium voltage networks are 154
required to enable greater connections of DER. In LV and MV transformers play a key role as itis 155
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the responsible of modifying the voltage level to adapt to consumption or generation require- 156
ments. 157

The transformer has a high efficiency. It operates through electromagnetic induction. By ap- 158
plying alternating current to the primary winding, a variable magnetic field is generated around 159
the transformer core, inducing a current in the secondary winding. However, there are losses that 160
occur during the normal operation of the transformer due to the resistance of electrical and mag- 161
netic circuits. These losses are divided into no-load losses, associated with the magnetic circuit, 162
and load losses, related to electrical resistance. 163

In summary, to achieve energy transition goals it is necessary to modernize the distribution 164
network to provide it with greater flexibility and capacity. However, it is important to consider 165
environmental aspects in the development of the network to achieve a more sustainable and en- 166
vironmentally friendly energy model °. 167

2.3. Life Cycle Assessment of a Transformer for Green Purchasing. 168

In the article "Integrating Sustainability in asset management decision making: a case study 169

on streamlined Life Cycle Assessment in asset procurement” *® it is described how distributors have 170
an important responsibility in the product procurement processes. That’s why incorporating en- 171
vironmental criteria for green purchasing can make significant changes in manufacturing pro- 172
cesses. For this reason, the Dutch distribution company Liander conducts a study on how to inte- 173
grate environmental criteria for green purchasing. Thanks to the standardization through 1ISO**13, 174
LCA has become a transparent and reliable method. But at the same time, LCA method is complex, 175
time-consuming and requires significant knowledge. Therefore, the distributor has chosen to sim- 176
plify the method, focusing only on the most impactful stages and environmental categories. 177
Thanks to the simplification of the LCA, it was possible to be used by all manufacturers and Liander 178
could integrate environmental cri- 179

teria with other criteria such as 180

cost, performance, and compli- 181

ance of technical requirements. 182

Green purchasing involves 183

the acquisition of goods and ser- 184

vices that meet environmental, so- 185

cial, and economic criteria to re- 186

duce the impact of commercial ac- 187

tivities and promote sustainable 188

development. Integrating green 189

Negative impact purchasing criteria is complex be- 190
cause the company must beableto 191

weigh these criteria against more 192

traditional aspects by which iteval- 193

uates the product. In the article, Li- 194

ander also monetizes the environmental criteria to compare them with the other requirements. 195
To do this, they employ the life cycle cost analysis method, which assigns an economic value to 196
environmental impacts. 197

Figure 2: Green Procurement.

Moreover, various studies have been published regarding transformers environmental eval- 198
uation in recent decades. Among them, in 2009 and 2011, the articles "Comparative Life Cycle 199
Assessment of a MV/LV transformer with an amorphous metal core and a mv/lv transformer with 200
a grain-oriented magnetic silicon steel core" 8 and "Life Cycle Assessment of dry-type and oil-im- 201
mersed distribution transformers with amorphous metal core" 7 were presented at International 202
Conference on Electricity Distribution (CIRED). These articles perform an LCA of different trans- 203
formers to compare the materials used by manufacturers. The functional unit of the papers wasa 204
transformer with a lifespan of 30 years. The results indicate that using materials that reduce trans- 205
former energy losses, although generating greater impacts in the manufacturing phase, compen- 206
sates for the operation phase and improves its environmental performance throughout its com- 207
plete life cycle. 208

Similarly, the article "Sustainability assessment of novel transformer technologies in distribu- 209
tion grid applications" ° carries out a sustainability analysis of different technologies integrated 210
into transformers: LFT, LFT and OLTC, SST, and HT. To carry out this study, they used a simulation 211
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of a typical distribution network in Switzerland. Different generation scenarios were taken into 212
account, first the current electricity mix in Switzerland, secondly the sustainable development 213
objectives for 2050 (ES2050) and, thirdly the Swissolar objectives, which have a more ambitious 214
targets for renewable energy penetration. Their LCA includes a simulation of how each of the 215
transformers would behave according to the integration of renewable energies. The consump- 216
tion-generation curves vary with the integration of renewables, compared to a more traditional 217
electricity mix, which could increase energy losses in the grid due to voltage variations. 218

The results of the article indicate that in a traditional electricity mix, the LFT transformer has 219
the best environmental performance. However, if the operation of the transformer to expand the 220
grid capacity and integrate renewable energy sources is considered, it is possible to compensate 221
the negative environmental impact of the manufacturing stage and improve the total environ- 222
mental performance. Therefore, other transformers, such as the hybrid LFT and OLTC trans- 223
former, could achieve better environmental performance in an electricity mix with a high pene- 224
tration of renewables, where congestion situations may arise. 225

2.4. Software Used. 226

The LCA is usually carried out using one of the available software packages, as these software 227
packages include the main databases for the different stages of a multitude of products and for 228
different countries. Some of the available software are SimaPro, Open LCA, GaBi, Eco-it, Air.e LCA, 229
TEAM and Umberto. The results that can be obtained from the different available software can 230
vary and depending on the LCA application it is important to choose the most suitable software. 231
In the article "Why using different Life Cycle Assessment software tools can generate different 232
results for the same product system? A cause—effect analysis of the problem™ 7, a comparison of 233
the LCA of a product in Brazil was carried out for two modelling scenarios: cradle-to-grave and 234
cradle-to-gate. The results of the characterised and normalised impacts were obtained for five 235
impact categories, which makes it possible to show the different results depending on the soft- 236
ware and database used. 237

The comparative study between the different available software’s has been a common prac- 238
tice, and the most relevant ones are described in the article. But the general trend is that SimaPro 239
and GaBi are the most widely used programs in the industry. This is because they are the most 240
comprehensive, offering better data management, ease of analysis of results and transparency of 241
results. In this study, SimaPro will be used since it is not only a renowned program but also the 242
one used at the university. 243

3. Objectives. 244

The objective of this project is to develop a Life Cycle Assessment (LCA) tool that facilitates 245
the study of the environmental impact of a medium-voltage transformer to integrate green pro- 246
curement criteria. The tool will enable a simple and efficient comparison of the environmental 247

impact of transformers from different manufacturers. 248
The project is divided into the following specific objectives: 249

a) Modelling the LCA of a 2022 standard transformer. 250

b) Evaluating the LCA of transformers from the past (1980), present (2022), and future 251
(2050), with the aim of understanding the most relevant environmental impacts and 252

stages of the life cycle. 253

c) Developing a simplified tool based on the previous LCA models, which allows for an 254
easy comparison of the environmental impact of transformers from different 255
manufacturers. 256

By carrying out this project, the aim is to provide a practical and effective tool that facilitates 257
decision-making in the acquisition of transformers, considering their environmental impact and 258
promoting green procurement. 259

4. Methodology. 260

The implementation of this LCA project for a transformer is based on a set of regulations 261
that establish a framework to ensure that the study is properly executed. The following regula- 262
tions are presented in greater detail, from the most generic to the most specific. 263
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N
Sub PCR - rev. 5 - EN - 2021 03 11 for Power

transformers.
J

N\

PCR -rev. 3 - EN - 2021 01 13 for Electronic and
electrical products and systems.

UNE-EN 50693:2020 Product category rules for
life cycle assessments of electronic and
electrical products and systems.

Product Environmental Footprint (PEF) Guide.

1SO 14044:2006 Environmental Management -
Life Cycle Assessment. Requirements and

guidelines.

I1SO 14040:2006 Environmental management -
Life cycle assessment. Principles and
framework.

Figure 3: Regulation on the LCA of a transformer.

The principles of conducting an LCA are detailed in the “/SO 14040:2006 Environmental man- 264
agement - Life cycle assessment - Principles and framework” '2, and “ISO 14044:2006 Environmen- 265
tal management - Life cycle assessment - Requirements and guidelines” 3. According to these 266
standards, LCA implementation is divided into four steps: 267

a) Definition of the objective and scope: in this step the goal and scope will be determine, 268
by the study boundaries, the functional unit, the public objective, ... 269

b) Inventory analysis: this step will include the collection of the data for the inputs and 270
outputs associated with all life cycle stages, including manufacturing, use, final treat- 271

ment, and disposal. 272
c) Environmental impact assessment: in this step the results of the category impacts will 273
be analyzed. Those results will be obtained from the inventory and characterization fac- 274
tors. 275
d) Interpretation of results: finally, a summary of the results will be done to draw conclu- 276
sions and make recommendations based on the initially defined objective. 277
) ) ) — \
Objective and system
G
description.
| 1 2
0]
Y oS
— | O
Inventory Analysis. °
JEE— &
o
V1 :
——
[ Impact Assessment. ]
G
—

Figure 4: Life Cycle Assessment stages.

The main characteristics of LCA implementation are also defined in these standards. Accord- 278
ing to the I1SO when conducting an LCA the entire life cycle of the product, from raw material 279
acquisition to final disposal, must be considered. LCA is an iterative process for which different 280
methodologies exist, allowing for adaptation to the specific application. 281
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The implementation of this project has followed the framework established by the European 282
Union through the “Product Environmental Footprint (PEF) Guide” ® and the “UNE-EN 50693 PCR 283
for the life cycle assessment of electrical and electronic products and systems” 18, which provides 284
specific guidelines and requirements for conducting the LCA of electrical products, including trans- 285
formers. In addition, the “PCR - rev. 3 - EN - 2021 01 13 for electrical and electronic products and 286
systems” 1°, as well as the “Sub-PCR - rev. 5 - EN - 2021 03 11 for Power Transformers” *°, have 287
been considered, which provide specific considerations for conducting an LCA of the transformer. 288

The adoption of this set of specific rules for transformer analysis ensures that the results are 289
of an appropriate quality. Furthermore, it facilitates data comparison and aggregation in larger- 290
scale studies and lays the foundation for the development of an Environmental Product Declara- 291
tion (EPD). 292

4.1. Objective and System Description. 293

The objective of this work is to quantify the environmental impact of the transformer. The 294
application of this LCA will be for integrating the results as environmental criteria for the procure- 295
ment process. Therefore, the objective of the study is not to publish the results externally butto 296
generate an internal tool that allows the comparison between different transformers. 297

The functional unit considered for the LCA is a 630kVA transformer with a primary voltage 298
of 20kW and a secondary low voltage (LV). The transformer is assumed to have a 35-year lifespan. 299
The LCA considers two possible operating scenarios during the operation phase: 40% and 70% 300
load index. The “Sub-PCR - rev. 5 - EN - 2021 03 11 for Power Transformers” ?° defines that the 301
load index to be considered corresponds to 70% of the nominal power. However, usually to en- 302
sure supply safety and avoid potential risks, electrical infrastructure is oversized. Therefore, dis- 303
tribution network transformers often operate at lower load indexes. This is the reason why in this 304
study also is compared the environmental impact of the transformer operating at 40%. 305

Regarding the location, the transformer is assumed to be manufactured, installed, and op- 306
erated in Spain. Therefore, the energy losses during operation will be associated with Spain's en- 307
ergy mix based on the year of the LCA study. 308

The scope of the LCA considers the product's life cycle from raw material extraction to end- 309
of-life, following a cradle-to-grave approach. The different stages are categorized into the follow- 310

ing modules specified by the “Sub-PCR - rev. 5 - EN - 2021 03 11 for Power Transformers” °: 311
Upstream: 312

This module includes raw material extraction and processing, energy consumption during 313
manufacturing and distribution from suppliers to the transformer assembly factory. The raw ma- 314
terials considered for the transformer include silicon steel, aluminum, insulation paper, glass fab- 315
ric, steel, mineral bases, vegetable esters, and resin. The steel and aluminum working processes 316
are also considered in this module. 317

Core: 318

This module includes the transformer's assembly process, including the energy consumed, 319
transportation, and waste management at the factory. 320

Downstream: 321

This module covers the stages of distribution, operation, and end-of-life. Different scenarios 322
are considered in this stage, which will be detailed in the inventory analysis. 323
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Raw materials used:

electricity).

Semi-products:
* Ferromagnetic core.

s Winding.
* Enclosure.
e (Caps pass.

e Connections.

s Copper. e Qil

s Steel. s Other insulators.
e Aluminium. e Anticorrosive paint. Transformer assembly.
e Plastic Power (gas and

Transport of raw material.

Manufacture of semi-products (cutting,
pressing, etc.) requiring energy (gas and

DOWNSTREAM

Transport of components Transport to final location and transformer
and semi-products. installation in the secondary substation.

electricity) is required. 35 years of use and operation - estimated
energy losses.

Dismantling and transport to the treatment
warehouse.

Recycling, landfill or incineration.

Figure 5: Transformer LCA scheme.

The life cycle inventory was conducted using the Ecoinvent 3.8 database, which is widely
recognized at the European level for its considerable size and quality. Ecoinvent was chosen be-
cause is the one included in SimaPro and it contains the characterization factors for the study
location and the various technologies considered. The modeling was performed using the soft-
ware of SimaPro, version 9.3.0.3.

According to EN 50693 8, the cut off rules state that a maximum of 5% of the total environ-
mental impact of the analyzed product system can be excluded. The “Sub-PCR - rev. 5 - EN - 2021
03 11 for Power Transformers” ° specifies that "materials composing the transformer itself, whose
total mass does not exceed 1% of the total weight of the device" *>%°, can be excluded.

4.1.1. Environmental impacts.

The environmental impacts used in this study correspond to the categories recommended
by EN 50693:2020 8. These categories include:

e Climate change (kg COz eq.).
e Ozone depletion (kg CFC 11 eq.).
e Acidification (mol H* eq.).
e Eutrophication, freshwater (kg P eq.).
e  Photochemical ozone formation (kg NMVOC eq.).
e  Resource use, minerals and metals (kg Sb eq.).
e  Resource use, fossils (MJ).
e  Water use (m? deprive).
The methodology used for normalization and weighted values is based on the EN 15804 +

A2:2019 standard %! that is align with the EF 3.0 method. The normalization values from the EF
3.0 method published in November 2019 were used. It should be noted that the implementation

324
325

326
327
328
329
330

331
332
333
334

335

336
337

338
339
340
341
342
343
344
345
346

347
348



Development of a Tool for the Life Cycle Assessment of a Medium Voltage Transformer for the Distribution Grid 2023 9 of 26

of this method in SimaPro has been adapted to better fit the substances used in SimaPro data
libraries 22. The normalization and weighting values used by SimaPro are:

Table 1. SimaPro normalization and weighting values.

Impact category Normalization | Weighting
Climate change — total (GWP) 0,0001235 0,2106
Ozone depletion (ODP) 18,64 0,0631
Acidification (AC) 0,018 0,062
Eutrophication, freshwater (EP-freshwater). 0,6223 0,028
Photochemical ozone formation (POF) 0,02463 0,0478
Resource use, minerals and metals (ADP-minerals&metals) 15,71 0,0755
Resource use, fossils (ADP-fossil) 0,00001538 0,0832
Water use (WDP) 0,00001538 0,0851

The development of weighting factors is essential for establishing an environmental perfor-
mance value and ensure reliable and comparable environmental information for consumers,
stakeholders, and policymakers. In the “Development of a weighting approach for the Environ-
mental Footprint” 23 the JRC’s objective is to develop a method for weighting EF impact categories
based on the environmental problems. To define the most suitable weighting factors, different
approaches were considered: single item, distance-to-target, panel-based, monetary valuation,
and meta-models. After the evaluation and integration of the different approaches, the JRC pro-
posed two weighting values, considering impacts related to toxicity and excluding these impacts.
SimaPro uses weighting values that include toxicity-related impact categories. However, in this
present study, the weighting values used exclude toxicity-related impact categories. According to
the JRC document, the robustness of these impacts categories is low, and therefore, excluding
them may be advisable when studying environmental performance 2. Below are the percentage
values used.

Weighting values exclude toxicity-related

Weighting values including toxicity-related

impact categories.

impact categories.

ADP-fossil ADP-
ADP- 8% minerals&m
minerals&me etals
tals 8% ADP..
8% GWP fossil GWP
21% 9% 22%
WDP
9% obP
L 6% HTC
v \ 2%
EETP-fw HTNC EETP-fw
2% 2% 2%
EP- AC POF EP-
freshwater 6% 5% freshwater .
3y . IRP 39% EP-marine
EP-marine EP-terrestrial 5% 3% EP-terrestrial 5%
3% 4%

4%

Figure 6: The recommended weighting factors including and excluding toxicity-related impact categories according to the JRC
Technical Reports: “Development of a weighting approach for the Environmental Footprint” 3.

This representation of the weighting factors includes more impact categories than those set
as mandatory in the “Sub-PCR - rev. 5 - EN - 2021 03 11 for Power Transformers” . Because of
this, in the green procurement tool, where only mandatory impact categories will be shown, these
proportional weighting factors will be used for these categories. These values are shown below:
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Weighting values for the LCA of a transformer

WDP
0,
— GWP
ADP.- 32%
fossil
13%
ADP-
minerals&metals ODP
12% AC 10%

9%
EP-freshwater
4%
Figure 7: Weighting values for the LCA of a transformer.
4.2. Life Cycle Inventory Analysis. 369

The data used for each process in the transformer's life cycle modeling have been obtained 370
from measurements of manufacturers during the year 2021. In the following chapters the inven- 371
tory analysis performed for each stage will be developed. 372

4.2.1. Upstream and Core. 373

Necessary raw material data has not been allocated by the manufacturers for the products 374
and co-products. However, they have allocated the consumption of secondary materials, energy 375
consumption, maintenance of facilities and the use of machinery. The remaining data considered 376
in the downstream stages has been gathered from various sources and has been detailed below. 377

For the manufacturing process, the following raw materials are used in the modeling of the 378
base transformer used for the tool. 379

Manufacturer 1 2022 - Raw Materials

Grain oriented steel
Aluminium
Copper
Paper
Carboard
Wood
Steel
Epoxy resin
Polyamide
Oil
Polyamide
Paint

Figure 8: Raw materials (kg) for manufacturer 1 transformer 2022.

In addition, the LCA of transformers from the 1970s-1980s and 2050 has also been analyzed. 380
Obtaining the raw material consumption in the manufacturing process during the 1970s-1980s 381
for these transformers has been a challenge, hence factsheets indicating the main raw materials 382
and total weight have been considered and a similar distribution to that of current transformers 383
has been considered for the remaining unspecified raw materials such as resin, stainless steel, or 384
paint. Moreover, an equal distribution of raw materials has been assumed for the 2050 transform- 385
ers as for the base transformer in 2022, considering that 50% of these materials are recycled, 20% 386
reused and 30% extracted raw materials. Nevertheless, the characterization factors for recycled 387
materials available in SimaPro for the employed methodologies are limited. For this reason, this 388
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assumption has been used only for steel, aluminum, copper, paper, cardboard, and wood mate- 389
rials. For the rest of the materials, it has been considered that 80% comes from raw materials 390
extracted from nature, and 20% comes from reused materials from transformers whose useful 391
life has ended. For reused materials, it has been considered that they require an additional 392
transport distance of 100 km and do not have any impact associated with raw materials since their 393
impact is accounted for in the transformer they originated from. The environmental impact asso- 394
ciated with this transport distance has been calculated using trucks from Ecoinvent 3.8 database 395
EURO 524, 396

4.2.2. Downstream - Distribution and Commissioning. 397

The distribution phase is complex as the target audience of this study is the distributors. 398
Therefore, after the transformer is manufactured, the transport distance to its final location may 399
vary depending on the position in the grid where it will be installed. For this reason, an average 400
distance of 400km overland has been considered. Also, this was the distance used in the develop- 401
ment of other tools. The environmental impact associated with this transport has been calculated 402
using trucks from the Ecoinvent 3.8 database, EURO 5, to reflect the most realistic scenario pos- 403
sible 24, 404

4.2.3.  Downstream - Operation. 405

The operation stage includes the impacts related to the energy consumed by the transformer 406
during its defined service life. This energy consumed includes, in addition to any possible associ- 407
ated consumption, the different losses that occur during the electricity transformation. 408

The transformers used for this study do not have auxiliary consumption for cooling or digit- 409
ization. Therefore, the energy consumption associated with these stages corresponds only to the 410

energy losses. 411
The Sub-PCR on power transformers %° defines how these losses should be calculated, fol- 412
lowing the technical standard IEC 60076-1 25, which distinguishes two types of losses: 413
414

e Load losses: caused by the winding impedance and dependent on the transformer's 415
load. It will be calculated at nominal frequency and temperature. 416

o No-load losses: represent the active power absorbed by the transformer when the 417
machine is energized, and the secondary circuit is open. It is independent of the 418
transformer's load. 419

According to the Sub-PCR on power transformers 2, the total consumed energy (E;[kWh]) 420
will be calculated using the following formula: 421

Ed [kWh] = [Pload * klzoad + Pno load] * tyear * RSL + Paux * faux * tyear * RSL |

Where: 422
®  Piyuq are the load losses of the transformer. 423
o kjyqa is the average load index of the transformer. 424
®  P,,i10aa @re the no-load losses of the transformer. 425
o P,..a arethe losses associated with auxiliary consumption. 426
®  fuux is the fraction of time that auxiliary services are operating. 427
®  tyeqr is the total number of hours that the equipment will be operating. 428
e RSLis the reference service life, which for this study is 35 years. 429

The total energy consumption was calculated for two different scenarios: a 40% and 70% 430
load index. The energy losses for the transformers manufactured between 1980 and 2022 is the 431
standard. But for the transformers in 2050, it is not possible to know the load and no-load losses. 432
Therefore, a 10% improvement for energy losses has been considered compared to the current 433
losses of the transformers. 434
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The following table summarizes the results obtained for each transformer.
Table 2. Operation of 1970-1980 transformers.
Variables Units Value Variables Units Value
Power kw 630 Power kw 630
Energy RSL years KWh*RSL 135.210.600 Energy RSL years KWh*RSL 77.263.200
Losses RSL years kWh*RSL 1.656.345 Losses RSL years kWh*RSL 819.603
Energy 1 year kWh 3.863.160 Energy 1 year kWh 2.207.520
Losses 1 year kWh 47.324 Losses 1 year kWh 23.417
Efficiency - 0,987750 Efficiency - 0,989392
Efficiency' - 0,012250 Efficiency' - 0,010608
Load losses kwh 35498,148 Load losses kwh 11591,232
No load losses kWh 11826 No load losses kWh 11826
Aux losses kWh 0 Aux losses kWh 0
Pload kw 8,27 Pload kw 8,27
kload - 0,7 kload - 0,4
Pnoload kw 1,35 Pnoload kw 1,35
Paux kw 0 Paux kw 0
faux - 0 faux - 0
tyear | h | 8760 tyear | h 8760
RSL Iyear | 35 RSL |year 35
Table 3. Operation of 2022 transformers.
Variables Units Value Variables Units Value
Power kw 630 Power kw 630
Energy RSL years kWh*RSL 135.210.600 Energy RSL years kWh*RSL 77.263.200
Losses RSL years kWh*RSL 856.640 Losses RSL years kWh*RSL 391.222
Energy 1 year kwh 3.863.160 Energy 1 year kwh 2.207.520
Losses 1 year kWh 24.475 Losses 1 year kWh 11.178
Efficiency - 0,993664 Efficiency - 0,994937
Efficiency' - 0,006336 Efficiency' - 0,005063
Load losses kwh 19745,04 Load losses kwh 6447,36
No load losses kWh 4730,4 No load losses kWh 4730,4
Aux losses kWh 0 Aux losses kWh 0
Pload kw 4,6 Pload kw 4,6
kload - 0,7 kload - 0,4
Pnoload kW 0,54 Pnoload kW 0,54
Paux kw 0 Paux kw 0
faux - 0 faux - 0
tyear [n [ 8760 tyear [n [ 8760
RSL |year I 35 RSL |year I 35
Table 4. Operation of 2050 transformers.
Variables Units Value Variables Units Value
Power kw 630 Power kw 630
Energy RSL years kWh*RSL 135.210.600 Energy RSL years kWh*RSL 77.263.200
Losses RSL years kWh*RSL 770.976 Losses RSL years kWh*RSL 352.099
Energy 1 year kWh 3.863.160 Energy 1 year kWh 2.207.520
Losses 1 year kwh 22.028 Losses 1 year kWh 10.060
Efficiency - 0,994298 Efficiency - 0,995443
Efficiency' - 0,005702 Efficiency' - 0,004557
Load losses kWh 17770,536 Load losses kWh 5802,624
No load losses kwh 4257,36 No load losses kwh 4257,36
Aux losses kWh 0 Aux losses kWh 0
Pload kW 4,14 Pload kw 4,14
kload - 0,7 kload - 0,4
Pnoload kW 0,486 Pnoload kw 0,486
Paux kw 0 Paux kw 0
faux - 0 faux - 0
tyear | h | 8760 tyear | h | 8760
RSL |year [ 35 RSL |year [ 35

The location of the study is Spain, so the impact associated with transformer losses will de-
pend on the environmental impact of the generation mix at any given time.

435

436

437

438

439
440
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For the base case, which is a transformer from 2022, the data of the generation mix has been 441
obtained from the API of the operator of the electrical system of Spain, REE (Red Eléctrica de 442
Espafia) 2°. On the website it is published the generation data for each year. The generation data 443
for the year 2022 has been extracted and uploaded to SimaPro. 444

Electricity Generation Mix - Spain 2022
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|
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NS

1%
, = Wind
= Solar photovoltaic
1% = Solar thermal

— 0%

= Hydraulics

= Turbination pumping
= Nudear

= Coal

= Diesel engines
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= Hydrowind
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= Non-renewable waste
Renewable waste
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445
Figure 9: Generation Mix for Spain in 2022. 446

The energy mix of Spain in 1980 was not available in the REE database. Nevertheless, it was 447
obtained from the UNESA Electric Statistical Report, 1986 ?7. 448

Electricity Generation Mix - Spain 1980

15%

32%

= Hydraulics
= Coal

20%
= Gas Turbine

= Nudear

33%
449

Figure 10: Generation Mix for Spain in 1980. 450
Lastly, the generation mix for 2050 has been obtained through a combination of the energy 451
policies established in the PNIEC (National Integrated Energy and Climate Plan) 28 and the forecast 452

made by the International Energy Agency in their document Net Zero by 2050: A Roadmap for the 453
Global Energy Sector °. 454

Electricity Generation Mix - Spain 2050

Z%i\l%ﬁ 0% = Solar PV
= Wind
= Hydro
= Bioenergy
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= Geothermal
= Natural gas with CCUS
= Natural gas
= Oil
455
Figure 11: Generation Mix for Spain in 2050. 456
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4.2.4. Downstream — End of life.

A recycling scenario has been considered, in which the transformer is transported to the
waste management plant over a 100 km distance. Regarding end-of-life materials, three possible
waste treatments have been considered: recycling, incineration, and landfill. Information on the
percentage of each material subjected to each process for transformers in the year 2022 has been
obtained from the INE (National Statistics Institute) 3°. No waste management data was found for
the year 1980; therefore, the latest available data from the INE which was year 2002, has been
used. Lastly, for the transformer in the year 2050, considering the increase in raw material costs,
it is assumed that all materials will be recycled.

Table 5. End of life of 2050 transformers.

Recycling Landfill Incineration

Type of waste 2022 1980 | 2050 2022 1980 | 2050 2022 1980 | 2050
Metallic waste | 99,63% | 99,45% | 100% 0,31% | 0,23% 0% | 0,06% | 0,32% 0%
Copper waste 99,63% | 99,51% | 100% 0,31% 0,05% 0% 0,06% 0,44% 0%
Qil waste 99,23% | 58,44% | 100% 0,55% 7,10% 0% 0,22% | 34,46% 0%
Chemical waste | 77,78% | 0,00% | 100% | 11,07% | 15,72% 0% | 11,14% | 84,28% 0%
Wood waste 87,49% | 80,89% | 100% 3,36% | 8,14% 0% | 9,15% | 10,97% 0%

4.3. Simplified Tool for LCA of Transformers.

To integrate green procurement criteria, a simplified tool has been developed to improve
time efficiency in the LCA calculation by focusing on the most relevant aspects.

The tool consists of three parts:

a) Data Input: All necessary data is entered, focusing on a user-friendly layout that will
ensure autonomous use by manufacturers. The tool is divided into the different
stages of the transformer’s life cycle.

b) Characterization Factors: Characterization factors for each stage have been ex-
tracted from SimaPro according to the scope and objective defined previously.

c) Summary of Results: Environmental impact is presented for each impact category
through various graphs. Additionally, a summary table of normalized and weighted
results is provided for comparison across impact categories and to identify the most
significant ones.

Schematic captures of each part of the tool are included for reference:

HERRAMIENTA ACV TRANSFORMADOR 2022

ESQUEMA BASICOACV
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Figure 12: The simplified tool for the LCA of a Transformer.

Green procurement implies integrating environmental criteria with common characteristics
evaluated such as performance and costs. Different methods were considered, such as defining a
minimum environmental performance a transformer should meet. The method used for this study
was assigning a mark based on the environmental performance. When deciding between different
transformers that have traditional requirements, the environmental performance score will be
considered. The overall score will be obtained after normalizing and weighting all the environ-
mental impacts.

5. Results and Discussion.
5.1. Main environmental impacts of the transformer LCA results.

Firstly, the results obtained for the LCA conducted for the three different transformers
(Transformer 1 from 1980, Transformer 1 from 2022, and Transformer 1 from 2050) will be pre-
sented for the four main impact categories across the four stages of the transformer's life cycle.
The results are presented in absolute values to provide a visual representation of the significant
environmental impacts.

Here, it can be observed that although the impact of climate change has been significantly
reduced, the absolute value remains high. This is particularly important considering the large
number of transformers installed in the grid and their crucial role. The development of distributed
energy resources also requires an increase in the number of transformers in the electrical grid,
making it important to minimize the impact generated by these machines.

In the paper "The greenhouse gas emissions of power transformers based on life cycle anal-
ysis" 3! the life cycle of a transformer installed in France during the year 2022 is studied. The char-
acteristics of the transformer studied in that paper do not match with those of this study; the
transformers in the paper have higher power, making their results not directly comparable. How-
ever, the impact of the operational phase on climate change accounts for 96% of the total. Simi-
larly, in this present study, the operational phase is also the most significant phase. In this study,
for a transformer operating in 2022 at 40% of its load, the operational phase accounts for 81% of
the total impact. However, if the load of the transformer increases to 70%, the operational phase's
contribution rises to 91% of the total impact in the climate change category. These findings high-
light the critical role of the operational phase in determining the environmental impact of trans-
formers, especially concerning climate change.

The environmental impact of resource use - fossil is closely linked to climate change. As a
result, it exhibits a similar behavior to climate change impact. As time passes, it decreases dra-
matically.
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Climate change (kg CO, eq.)

W 205040% m205070% m202240% m202270% m198040% m 1980 70%

1,E+06
9,E+05
8,E+05
7,E+05
6,E+05
5,E+05
4,E+05
3,E+05
2,E+05 I
1,E+05
0’E+00 EENN———— 1 | —-.
Manufacturing Distribution Operation End of life
W 2050 40% 17.710,64 663,70 23.292,06 111,27
W 2050 70% 17.710,64 663,70 50.989,72 111,27
m 2022 40% 22.699,10 663,70 97.520,24 132,95
W 2022 70% 22.699,10 663,70 213.535,37 132,95
m 1980 40% 40.468,71 663,70 466.734,40 621,84
m 1980 70% 40.468,71 663,70 943.228,85 621,84
517
Figure 13: Transformer LCA climate change impact (kg CO2 eq.). 518
Resource use - fossils (MJ)
1,6E+07
1,4E+07
1,2E+07
1,0E+07
8,0E+06
6,0E+06
4,0E+06
2,0E+06 I
Manufacturing Distribution Operation End of life
W 2050 40% 189.667,95 8.512,29 268.058,45 1.651,49
W 2050 70% 189.667,95 8.512,29 586.819,00 1.651,49
w2022 40% 344.972,53 8.512,29 2.585.828,90 1.686,50
m 2022 70% 344.972,53 8.512,29 5.662.065,20 1.686,50
m 1980 40% 598.694,89 8.512,29 7.265.504,30 1.935,09
W 1980 70% 598.694,89 8.512,29 14.682.940,00 1.935,09
519

Figure 14: Transformer LCA resource use - fossils (MJ) impact. 520
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9,E+03
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3,E+03
2,E+03
1,E+03
0,E+00

W 2050 40%
W 2050 70%
2022 40%
W 2022 70%
W 1980 40%
1980 70%

4,5
4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

2050 40%
W 2050 70%
2022 40%
m 2022 70%
M 1980 40%
1980 70%

Acidification (mol H+ eq.)

- — | e— | -
Manufacturing Distribution Operation End of life
87,48 2,62 187,59 0,43
87,48 2,62 410,66 0,43
113,46 2,62 322,26 0,44
113,46 2,62 705,64 0,44
281,69 2,62 4.014,71 0,52
281,69 2,62 8.113,38 0,52

Figure 15: Transformer LCA acidification (mol H+ eq.) impact.

Regarding acidification, a significant reduction is observed. This impact is due to the use of
coal-based generation technologies that released significant amounts of gases and particulate
pollutants such as sulfur oxides and nitrogen oxides. These gases can react with atmospheric wa-
ter to form acids, potentially impacting soil, and water. The reduction of this technology and the
improvement of technologies for capturing and reducing these emissions result in a significant
reduction of this impact 3%,

Resource use - minerals and metals (kg Sb eq.)

Manufacturing Distribution Operation End of life
0,239 0,005 1,958 0,000690
0,239 0,005 4,287 0,000690
0,227 0,005 0,594 0,000695
0,227 0,005 1,301 0,000695
0,218 0,005 0,644 0,000745
0,218 0,005 1,302 0,000745

Figure 16: Transformer LCA resource use - minerals and metals (kg Sb eq.) impact.
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Regarding the resources use, minerals and metals, an increase is observed compared to 531
1980, which is due to a variation in the generation mix. The use of more sustainable technologies 532
for generation requires a more intensive use of resources, resulting in an increase in this impact. 533

5.2. Transformer LCA results normalised and weighted. 534

In the following tables, the results shown are normalized and weighted following the meth- 535
ods described in the previous sections. The intention of this analysis is to understand the evolution 536
of the environmental performance of a transformer over the time, allowing for the identification 537
of the most relevant life cycle stages and potential environmental impacts that should be the 538
focus of attention. 539

Table 6. Transformer LCA results normalized and weighted. 540

9,01E-01 2,90E-03 1,93E-01 3,41E-01 1,31E-01 4,11E-01 6,74E-01 9,77E-02
2,63E-02 2,09E-04 4,47E-03 2,06E-03 4,33E-03 8,36E-03 1,66E-02 1,00E-03
3,87E+00 1,99E-02 5,49E-01 3,68E-01 3,41E-01 1,08E+00 5,05E+00 6,58E-01
5,28E-03 4,45E-05 7,52E-04 2,83E-04 7,37E-04 1,26E-03 3,29E-03 7,38E-05
4,80E+00 2,30E-02 7,47E-01 7,11E-01 4,78E-01 1,50E+00 5,74E+00 7,56E-01

9,01E-01 2,90E-03 1,93E-01 3,41E-01 1,31E-01 4,11E-01 6,74E-01 9,77E-02
2,63E-02 2,09E-04 4,47E-03 2,06E-03 4,33E-03 8,36E-03 1,66E-02 1,00E-03
8,48E+00 4,35E-02 1,20E+00 8,06E-01 7,47E-01 2,36E+00 1,11E+01 1,44E+00
5,28E-03 4,45E-05 7,52E-04 2,83E-04 7,37E-04 1,26E-03 3,29E-03 7,38E-05
9,41E+00 4,67E-02 1,40E+00 1,15E+00 8,83E-01 2,78E+00 1,17E+01 1,54E+00

1,61E+00 4,61E-03 4,80E-01 4,54E-01 2,74E-01 3,95E-01 1,17E+00 1,72E-01
2,63E-02 2,09E-04 4,47€-03 2,06E-03 4,33E-03 8,36E-03 1,66E-02 1,00E-03
1,85E+01 3,94E-02 6,84E+00 5,05E+00 3,026+00 1,17E+00 1,42E+01 3,31E+00
2,47E-02 5,15E-05 8,93E-04 1,06E-03 8,48E-04 1,35E-03 3,78E-03 1,47E-04
2,02E+01 4,43E-02 7,32E+00 5,50E+00 3,30E+00 1,57E+00 1,54E+01 3,48E+00

1,61E+00 4,61E-03 4,80E-01 4,54E-01 2,74E-01 3,95E-01 1,17E+00 1,72E-01

2,63E-02 2,09E-04 4,47E-03 2,06E-03 4,33E-03 8,36E-03 1,66E-02 1,00E-03
3,74E+01 7,96E-02 1,38E+01 1,02E+01 6,11E+00 2,36E+00 2,87E+01 6,68E+00
2,47E-02 5,15E-05 8,93E-04 1,06E-03 8,48E-04 1,35E-03 3,78E-03 1,47E-04
3,91E+01 8,45E-02 1,43E+01 1,07E+01 6,39E+00 2,76E+00 2,99E+01 6,86E+00

7,03E-01 1,56E-03 1,49E-01 4,14E-01 1,06E-01 4,33E-01 3,70E-01 1,13E-01
2,63E-02 2,09E-04 4,47E-03 2,06E-03 4,33E-03 8,36E-03 1,66E-02 1,00E-03
9,24E-01 3,78E-03 3,19E-01 3,01E-01 1,78E-01 3,54E+00 5,23E-01 6,12E-01
4,42E-03 4,35E-05 7,37E-04 2,74E-04 7,26E-04 1,25E-03 3,22E-03 7,25E-05
1,66E+00 5,59E-03 4,74E-01 7,18E-01 2,89E-01 3,99E+00 9,14E-01 7,25E-01

7,03E-01 1,56E-03 1,49E-01 4,14E-01 1,06E-01 4,33E-01 3,70E-01 1,13E-01
2,63E-02 2,09E-04 4,47E-03 2,06E-03 4,33E-03 8,36E-03 1,66E-02 1,00E-03
2,02E+00 8,27E-03 6,99E-01 6,59E-01 3,89E-01 7,76E+00 1,15E+00 1,34E+00
4,42E-03 4,35E-05 7,37E-04 2,74E-04 7,26E-04 1,25E-03 3,22E-03 7,25E-05
2,76E+00 1,01E-02 8,54E-01 1,08E+00 5,01E-01 8,20E+00 1,54E+00 1,45E+00

The most relevant stages for transformers from the past, present, and future correspond to 541
operation and manufacturing. According to the paper titled "Sustainability assessment of novel 542
transformer technologies in distribution grid applications" °, it has been recognized that the oper- 543
ational stage plays a crucial role in improving the environmental performance of transformers. 544
The paper highlights that transformers have a long lifespan and operate continuously, resultingin 545
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significant cumulative energy losses over time. Therefore, it is essential to focus on reducing the
environmental impact during the operational stage.

However, transformers have evolved throughout the years and other stages are gaining po-
tential for reduction, such as manufacturing. The findings of the same paper ° emphasize the need
for a comprehensive sustainability assessment of transformer technologies, considering the en-
tire life cycle and the impact of different stages. This approach ensures the integration of environ-
mental considerations in distribution grid applications. Consequently, the environmental perfor-
mance of all the life cycle were considered. Regarding environmental impacts, the most significant
are related to climate change, acidification, the use of mineral and metal resources, and the use
of fossil fuels. However, the significance of these impacts varies over time. Below is a summarized
graph illustrating the overall impact of transformers, showing the evolution of each impact cate-

gory.

Total LCA Transformers Environmental impacts - Normalized & Weighted Results

2050 40% 2050 70% 2022 40% 2022 70% 1980 40% 1980 70%

Climate change Ozone depletion Acidification Eutrophication, Photochemical Resource use, Resource use, Water use
freshwater ozone minerals and fossils
formation metals

Figure 17: Transformer LCA total results normalized and weighted.

As shown in the graph, climate change mitigation policies are having an effect, and over the
years, the climate change and resource use - fossils impacts of transformers are being reduced.
This is mainly due to two reasons: Firstly, energy policies have aimed to decrease the use of high-
impact climate change generation technologies. The percentage of technologies with such char-
acteristics has been decreasing thanks to the transition to a more sustainable generation mix.
Secondly, in response to the initially high impact of transformers, the EU implemented significant
regulations to establish minimum energy efficiency standards during transformers operation,
such as the “Commission Regulation (EU) No 548/2014 on implementing Directive 2009/125/EC
of the European Parliament and of the Council with regard to small, medium and large power
transformers” 8. The efforts made by regulators, manufacturers, and system operators to achieve
transformers with better environmental performance during the operation stage have resulted in
a decrease in climate change related environmental impacts.

To enable a better visualization of the results, a similar summary graph has been presented
for the operation and manufacturing stages.
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Operation LCA Transformers Environmental impacts - Normalized & Weighted Results

2050 40% 2050 70% 2022 40% 2022 70% 1980 40% 1980 70%

Climate change Ozone depletion Acidification Eutrophication, Photochemical Resource use, Resource use, Water use
freshwater ozone minerals and fossils
formation metals

Figure 18: Transformer LCA operation results normalized and weighted.

Since the publication of Regulation (EU) No. 548/2014 6, which analyzed the life cycle of
transformers, it was determined that the focus of action should lie in the operational stage. The
lifespan of a transformer is high, around 40 years, and it operates continuously throughout the
year. The environmental impact of operation is directly dependent on the generation mix under
which the transformer operates. Therefore, transitioning to more sustainable generation mixes
leads to a reduction in the impacts and the influence on the LCA. As depicted in the graph, the
environmental impact related to climate change has drastically decreased, while impacts such as
the use of mineral and metal resources have increased. The increase in this impact is due to the
growing utilization of electronic generation technologies, which require a significant amount of
these materials. The report presented by the International Energy Agency: “Critical Minerals Mar-
ket Review” 34 highlights how the increased of renewables energies (solar PV and wind) has led to
a significant growth in the mineral demand (lithium, nickel, cobalt and neodymium). As the in-
stalled capacity of clean energy continues to grow, there will be a corresponding increase in the
demand for these metals. The report emphasizes the necessity for countries and businesses to
develop strategies that focus on diversifying supplies and adopting more sustainable practices in
mineral acquisition. This highlights the importance of conducting a comprehensive LCA and con-
sidering the overall evolution. Improving one stage may worsen another or reducing one impact
may lead to an increase in another.

The paper titled "Sustainability assessment of novel transformer technologies in distribution
grid applications" ° emphasizes the importance of considering the generation mix under which
transformers operate. It notes that transitioning to more sustainable generation mixes can result
in a reduction in environmental impact and influence the outcomes of the LCA. Additionally, the
paper highlights that while the impact related to climate change has decreased, the use of mineral
and metal resources has increased due to the growing utilization of electronic generation tech-
nologies.

The Regulation (EU) No. 548/2014 © established maximum energy loss requirements that
transformers marketed in the EU must comply with. These values have been updated over time
as technology advances. To improve performance, better manufacturing techniques and more
robust raw materials have been used. The current achieved efficiencies for the analyzed
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transformer are around 99.44% 3°. Enhancing this value presents a significant challenge for man-
ufacturers, so it is essential to assess the impact of such improvement and explore other options
for reducing environmental impact that may have greater potential.

Furthermore, the study of sustainability assessment of novel transformer technologies ° also
highlights the evolving focus from the operational stage to the manufacturing stage of transform-
ers. With the energy transition, the significance of the operational phase can be reduced, allowing
for a dedicated examination and improvement of the manufacturing phase itself.

At this stage, the analysis of the manufacturing stage begins. Up until now, improving the
environmental performance of the transformer often meant compromising the manufacturing
stage to enhance operation. However, with the energy transition, the significance of the opera-
tional phase can be reduced, shifting the focus towards the manufacturing stage. This allows for
an exclusive examination and improvement of the manufacturing phase itself, rather than study-
ing it solely to enhance the operational phase of the transformer's life cycle.

Manufacturing LCA Transformers Environmental impacts - Normalized & Weighted Results

Climate change

m205070% m202270% 1980 70%

Ozone Acidification  Eutrophication, Photochemical Resource use, Resource use, Water use
depletion freshwater ozone minerals and fossils
formation metals

Figure 19: Transformer LCA manufacturing results normalized and weighted.

The environmental impact of this stage is attributed to the energy consumption involved in
component preparation and transformer assembly, to the raw material used, and to the
transport. Reducing the consumption of raw materials in the 2050 transformer (with 20% being
reused) and an electricity consumption of a more sustainable generation mix results in a decrease
in most of the environmental impacts. However, the use of mineral and metal resources increases
due to the energy consumption associated with the generation mix. Also, the impact: eutrophica-
tion, freshwater also increases from 2022 due to the influence in the environment of the recycling
techniques. To mitigate the environmental impact of this stage, efforts should be made to de-
crease energy consumption in manufacturing processes and minimize the transportation of raw
materials and subcomponents. Also, improving the percentage of reused materials could also re-
duce significant impacts by an eco-design of the transformer.

5.3. Environmental impact of the generation mixes.

As observed in the previous analyses, the operational phase has been identified as having
the highest impact, which depends directly on the generation mix at the time. To further illustrate
this, the exclusive evolution of the generation mix for each year is depicted below, based on the
defined percentage allocations in the inventory.
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Through the provided graph and table, a clear trend emerges regarding the reduction in cli-
mate change and acidification impacts from 1980 to 2050. While the impact of fossil resource use
has indeed declined from 1980 to 2022, it has done so to a lesser extent when compared to the
other impacts. Notably, the impact of mineral and metal resource use in transformers has exhib-
ited an increase parallel to the growing utilization of technologies such as photovoltaics.

Environmental impacts of the Generation mix- Normalized & Weighted Results

Climate change

GENERATION MIX 2050 GENERATION MIX 2022 GENERATION MIX 1980

Ozone Acidification Eutrophication, Photochemical Resource use, Resource use, Water use
depletion freshwater ozone minerals and fossils
formation metals

Figure 20: Generation mix environmental impacts.

5.4. Reduction of the environmental impact of transformer LCA.

In this sub-section, a summary table has been created to showcase the reduction of the en-
vironmental impact of the transformer over time. The data presented will mean a reduction if the
percentage is positive and an increase if it is negative.

Table 7. Reduction of the environmental impact of transformers.

Resource
Photochemical
Climate Ozone Acidification Eutrophication, ozone ! use, Resource Water use
change depletion freshwater . minerals | use, fossils
formation
and metals
kg CO2 eq. ke Z:IC 11 mol H+ eq. kg P eq. ke NeI\:VOC kg Sb eq. M) m3 deprive
Operation 40%-70% 54,33% 54,33% 54,33% 54,33% 54,33% 54,33% 54,33% 54,33%
Manufacturing 43,91% 37,10% 59,72% 24,93% 52,04% -3,85% 42,38% 43,32%
Operation 40% 79,11% 49,55% 91,97% 92,71% 88,71% 7,78% 64,41% 80,12%
1980-2022 Operation 70% 77,36% 45,34% 91,30% 92,10% 87,77% 0,08% 61,44% 78,46%
End of life 78,62% 13,66% 15,76% 73,18% 13,02% 6,78% 12,85% 49,68%
Total 40% 76,20% 47,98% 89,79% 87,08% 85,54% 4,81% 62,65% 78,27%
Total 70% 75,94% 44,76% 90,21% 89,22% 86,17% -0,48% 60,65% 77,56%
Manufacturing 21,98% 46,31% 22,90% -21,66% 18,98% -5,39% 45,02% -15,28%
Operation 40% 76,12% 81,01% 41,79% 18,20% 47,88%|  -229,48% 89,63% 6,98%
2022-2050 Operation 70% 76,12% 81,01% 41,80% 18,21% 47,90%|  -229,41% 89,64% 7,00%
End of life 16,31% 2,26% 2,00% 3,05% 1,51% 0,65% 2,08% 1,77%
Total 40% 65,48% 75,75% 36,62% -0,95% 39,43%|  -166,49% 84,09% 4,09%
Total 70% 70,69% 78,42% 39,04% 6,36% 43,32% -195,47% 86,93% 5,58%
Manufacturing 56,24% 66,23% 68,94% 8,68% 61,14% -9,45% 68,32% 34,66%
Operation 40% 95,01% 90,42% 95,33% 94,03% 94,12%| -203,85% 96,31% 81,50%
1980-2050 Operation 70% 94,59% 89,62% 94,94% 93,54% 93,63%| -229,15% 96,00% 79,96%
End of life 82,11% 15,61% 17,45% 74,00% 14,33% 7,38% 14,66% 50,57%
Total 40% 91,78% 87,39% 93,53% 86,96% 91,24%| -153,67% 94,06% 79,16%
Total 70% 92,95% 88,08% 94,03% 89,91% 92,16%| -196,89% 94,86% 78,81%
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The analysis of the table reveals significant trends. Through the table, it is evident that the
general trend over the years is a reduction in the environmental impact. However, there is an
exception with the impact categories of resource use —minerals and metals, which have worsened
with the evolution of the generation mix.

The impacts associated with end of life show that the reuse and recycling of transformer
materials significantly reduce the impacts associated with this stage. For the 2050 transformer, it
has been assumed that all its components were reused and recycled, resulting in a minimal end
of life impact. Therefore, any comparison with the other LCA (Life Cycle Assessment) studies im-
plies an almost 100% improvement in impact.

The percentage reduction has also been represented to compare the operational phase con-
sidering load factors of 40% and 70%. The percentage reduction remains at 54% in all stages.

5.5. Green Procurement results.

After selecting the main environmental impacts through LCA for a 630kVA, 20kV to low volt-
age transformer and developing a simplified tool, the data of three transformer from different
manufacturers was collected to assess the impacts. After normalizing and weighting the impacts,
the sum of the results represents their final score. In the table shown below, the score for each

transformer is presented.
Table 8. Environmental absolute performance.
Manufacturer | Single score
Manufacturer 1 28,43
Manufacturer 2 36,05
Manufacturer 3 25,85

The findings demonstrate a high level of similarity, indicating minimal variations in the man-
ufacturing processes of these three transformers as all of them follow the regulatory standards.
According to this table, the transformer from manufacturer 3 has the best environmental perfor-
mance, followed by transformer 2. Conducting this analysis using a common tool for all three
transformers implies that the analysis performed is the same for all three transformers which is
highly beneficial as it is going to be used to integrate it for green procurement. A graph is pre-
sented with the total normalized and weighted environmental impact values for each of the trans-
formers to gain a better understanding of the differences.

Environmental impacts of Total ACV - Normalized & Weighted Results

1,E+01
1,E+01
1,E+01
8,E+00
6,E+00
4,E+00
- I I I I
06200 | | = L]
L Photochemical = Resource use,
. . e Eutrophication, . Resource use,
Climate change | Ozone depletion Acidification ozone minerals and h Water use
freshwater . fossils
formation metals

mFAB1 9,26 0,05 1,37 1,12 0,87 2,64 11,62 1,52
mFAB2 12,16 0,03 1,47 3,04 0,68 3,75 12,56 2,35

FAB 3 10,13 0,04 1,03 0,63 0,60 1,09 11,68 0,64

Figure 21: Green procurement comparison — category impacts.
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Through the graph, it can be observed that the transformer from manufacturer 2 has worse 673
results in all environmental impacts. The higher impact of this transformer is mainly attributed to 674
the operational stage. This transformer has larger energy losses than the other transformers. 675
However, the results show a high level of similarity, as the variations in the manufacturing pro- 676
cesses of these three transformers are not significant. Also, the distribution of raw material mass 677
is related. 678
6. Conclusions. 679

The LCA conducted in this project has provided relevant information on the environmental 680

impact of transformers through its different stages and impact categories. It allows the identifica- 681

tion of areas with a higher potential for reduction in the transformer's life cycle. 682
Table 9. Environmental performance of each stage. 683
Classification of the LCA of the transformer
(%) - 2022 40% | (%) - 2022 70% | (%) - 1980 40% | (%) - 1980 70% | (%) - 2050 40% | (%) - 2050 70% | Average
Manufacturing 18,641% 9,502% 8,021% 4,141% 26,110% 13,973% 13,398%
Distribution 0,430% 0,219% 0,112% 0,058% 0,723% 0,387% 0,321%
Operation 80,850% 90,239% 91,809% 95,772% 73,044% 85,574% 86,215%
End of life 0,079% 0,040% 0,058% 0,030% 0,123% 0,066% 0,066%
The operation and manufacturing stages have been identified as the most significant in en- 684
vironmental performance as they represent 86,46% and 13,4% of the total single score obtained 685
after normalizing and weighting the impacts. The Energy Transition promotion of more sustaina- 686
ble generation mixes and the current high efficiency of transformers implies a significant chal- 687
lenge for manufacturers in reducing the environmental impact during the operation stage. There- 688
fore, during the next years the goal of reducing the environmental impact will be focused on im- 689
proving the manufacturing stage. Also, improving the manufacturing stage will result in benefits 690

in the acquisition of raw material, a problem that industries are starting to struggle with. Some of 691

the evaluated alternatives for the manufacturing stage included increasing the proportion of re- 692
cycled materials, evolving the transformer towards an eco-friendlier product for proper disman- 693
tling and reuse of subcomponents, and optimizing manufacturing processes with lower energy 694
consumption. 695

The main impact categories analyzed for transformers are climate change, acidification, re- 696
source use - fossils, and resource use - minerals and metals. The evolution of transformers has 697
decreased all environmental impacts, except for resource use - minerals and metals, which in- 698
creases for transformers in the year 2050 due to the growth of resource-intensive generation 699
technologies. 700

The development of this analysis has been carried out with the objective of gaining sufficient 701

knowledge about transformers to determine the most relevant impacts and data for the develop- 702
ment of a simplified tool. With the information acquired, it was possible to generate a user- 703
friendly and accessible tool for LCA transformers comparison between different manufacturers. 704

In conclusion, this project has demonstrated the importance of conducting a complete LCA 705
of transformers to evaluate all stages and impact categories. Working towards reducing impacts 706
and promoting the adoption of green procurement criteria are key actions in advancing towards 707
a more sustainable energy sector. 708
Appendix A 709

The development of a tool for the life cycle analysis of a medium-voltage transformer for the 710

distribution grid aligns with several Sustainable Development Goals (SDGs) established by the 711

United Nations. The tool contributes to SDG 7: Affordable and Clean Energy by promoting cleaner 712
and more efficient energy solutions. It also aligns with SDG 9: Industry, Innovation, and Infrastruc- 713
ture by fostering innovation in the electrical industry and improving energy distribution infrastruc- 714
ture. Additionally, the project addresses SDG 13: Climate Action by quantifying and reducing 715
greenhouse gas emissions associated with medium-voltage transformers. Overall, the tool sup- 716
ports the adoption of sustainable technologies, encourages industry innovation, and contributes 717
to global climate change mitigation efforts. 718
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