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ABSTRACT

Transformers are an important com-
ponent of the electricity sector, respon-
sible for the transformation and distri-
bution of electrical energy. Based on
the life cycle assessment, this article

- evaluates the environmental impacts

of a dry-type distribution transformer

|

from the raw material acquisition to the
end-of-life stages. The results show
that the operation phase dominates in
all environmental impact categories. In
order to reduce the environmental im-
pacts, it is suggested that the design of
the transformers should be improved,
renewable energy sources should be
utilized during the manufacturing and

operation stages, and the rate of the
use of recycled components should be
increased.

KEYWORDS:

environmental impact, distribution
transformers, dry-type transformers,
life cycle assessment

I B ) s



ENVIRONMENT

Despite their importance in ensuring a
stable and efficient energy supply, trans-
formers are associated with various envi-

ronmental impacts

1. Introduction

The accelerating pace of industrializa-
tion and urbanization has increased the
global demand for electricity. A central
part of the infrastructure that supports
this demand is transformers, which play
a crucial role in the transmission and dis-
tribution of electrical energy, with an av-
erage energy efficiency ranging from 95
% up to 99.8 % [1]. The transformer is the
key equipment of electrical networks, also
playing a pivotal role in the decarboniza-
tion process. Despite their importance
in ensuring a stable and eflicient energy
supply, transformers are associated with
various environmental impacts [2].

Manufacturing transformers introduce a
range of environmental impacts, includ-
ing greenhouse gas emissions (GHG),
resource depletion, and the generation
of hazardous waste. During their opera-
tional lifespan, there are energy losses that
generate direct emissions as well. Further-
more, the end of life of transformers pres-
ents additional environmental concerns,
particularly regarding the separating ep-
oxy resins from the coils, which requires
additional energy. While the metal coils
could be recycled, the resin elements end-
ed up in the landfill, posing risks of soil
and water contamination [3].

A transformer is a static electrical device
that operates on the principle of electro-
magnetic induction to alter the voltage
within an electrical system. Depending
on its design, configuration, operational
characteristics, and intended application,
a transformer can either step up or down
voltage and current levels without affect-
ing the power or frequency of the elec-

trical supply. Distribution transformers,
typically positioned near consumer load
centers, are commonly used as step-down
transformers in power systems. Their pri-
mary function is to reduce high transmis-
sion voltages to safer, lower levels suitable
for end-user consumption [1].

There are two types of transformers: dry-
type and oil-immersed transformers.
Both have their advantages and disadvan-
tages. In this study, the environmental im-
pacts of dry-type transformers were eval-
uated. Dry-type transformers are typically
low-voltage transformers that are cooled
by normal air ventilation instead of using
liquids like mineral oil, common in other
transformer types. Air and epoxy-based
solid materials are used to meet insulation
requirements. These solid insulations can
withstand high temperatures without de-
composing or releasing flammable gasses,
further enhancing fire safety. This feature,
including safety, minimizes environmen-
tal hazards associated with oil spills and
leaks. Due to their non-flammable nature,
dry-type transformers are used in solar
and wind farms, important infrastructure
facilities such as hospitals and data centers,
and complex environments with potential
fire hazards like chemical plants and min-
ing operations [4]. Furthermore, the use
of dry-type transformers is considered to
be environmentally friendly since they do
not contain oil or other hazardous sub-
stances [5]. Due to longer lifespans (up to
40 years for dry-type transformers) com-
pared to other types (up to 30 years for oil
immersed), frequent replacement is not
necessary. This durability and longevity
noticeably reduce electronic waste, mak-
ing this type of transformer a conscious
choice for sustainability [4].

LCA is a methodology for estimating the
potential environmental impacts associat-
ed with a product or service considering the

entire life cycle
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Considering that the distribution trans-
former is a critical component of the
electrical grid and is responsible for the
continuous supply of electricity; its con-
struction should meet the efficiency,
safety, and environmental performance
criteria throughout its intended lifespan
(1]. Although dry-type transformers play
an important role in decarbonizing the
electricity sector, there are still challenges
regarding energy efficiency and associat-
ed emissions during the manufacturing
and operation stages. Reducing the envi-
ronmental impacts of the transformer in-
dustry contributes to the carbon emission
reduction targets of the energy sector in
general and is important for sustainability.
At the moment, there are no studies on the
environmental impact of the 15 kVA dry-
type distribution transformers throughout
their life cycle. Therefore, the aim of the
study is to provide a detailed examination
of the environmental impacts associated
with dry-type distribution transformers
using the Life Cycle Assessment (LCA)
method. By critically assessing these im-
pacts, the life-cycle stages with the largest
environmental impacts are determined.
This can be used to optimize the trade-off
between using more material in the design
of the transformers and lowering power
losses during the operation stages.

2. What is Life Cycle
Assessment?

LCA is a methodology for estimating the
potential environmental impacts associ-
ated with a product or service considering
the entire life cycle from the extraction of
raw materials through the manufacturing,
transportation, use, re-use, and mainte-
nance of the product, and eventually re-
cycling or disposal as waste at the end of
life. LCA has the advantage of modeling
the “carbon footprint” of renewable and
conventional energy technologies. LCA
is, therefore, the most suitable tool for
evaluating the environmental impacts of
products and identifying key areas where
improvements could be made.

According to the ISO 14040 standards, the
LCA method has four 4 main phases [6]:

« the goal and scope definition phase,

« the inventory analysis phase (Life Cy-
cle Inventory-LCI),

« the impact assessment phase (Life Cy-
cle Impact Assessment-LCIA),

« the interpretation phase.
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During the first phase of the LCA, objec-
tives, scope, and amount of data to be used
in the analysis are defined. The second and
most important phase is the Life Cycle In-
ventory Assessment (LCI), which implies
an inventory of input/output data, which
includes gathering data in order to fulfil the
objectives of the analysis. The impact As-
sessment (LCIA) phase is the third phase of
the LCA study, which provides additional
information that helps estimate the impact
ofa product or system on the environment
[7]. The last stage, or the stage of interpreta-
tion of LCA analysis, is the stage where the
results of the phases are summarized and
discussed in order to bring conclusions, as-
sumptions and decisions according to the
goal and scope of the study [1].

2.1. Goal of the study

The goal of this study is to evaluate the po-
tential environmental impacts of adry-type
Distribution Transformer (DT) through
its whole life cycle. A power distribution
capacity of 15 kVA was chosen as a func-
tional unit, and all raw materials, energy

The goal of this study is to evaluate the po-
tential environmental impacts of a 15 kVA
dry-type distribution transformer through
its whole life cycle using the LCA method

consumption, transportation, emissions,
effluents, and waste disposal were based
on this functional unit. The DT is set to be
used to power the Alkaline Water Electrol-
ysis for mobile hydrogen production.

The system boundaries are presented in
Fig. 1, based on the steps of the DT man-
ufacturing, use and end-of-life (EoL)
processes. Boundaries were set using a
cradle-to-grave approach, considering
the processes from the extraction of raw
materials to transformer utilization.

The following life cycle stages of the DT
were modelled for the LCA

1. Manufacturing, including production

of active parts, assembly of the active
parts, Balance of Plant (BoP), final as-
sembly with tests,

2. Transportation to the end user,

3. Operation phase,

4. EoL stage.

2.2. Life Cycle Inventory Analysis

The material selection and their weights
used in the DT are part of the foreground
process, while all other elements within the
system boundary are background process-
es unless otherwise specified. The back-
ground processes were modelled using the
Ecoinvent database [8]. The foreground
data was collected by the author from the
manufacturer and academic papers.

The material selection and their weights used in the DT are part of
the foreground process, while all other elements within the system
boundary are background processes
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Figure 1. System boundaries of the DT
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ENVIRONMENT

Table 1. Performance characteristics of DT

Technical specification Unit Value
Rated power kVA 15
Primary voltages \Y 3x380/400/415/440
Secondary voltages \% 3x480
Percentage magnetizing current % 5
No-load losses w 145
Short circuit impedance at 75 °C % 3
Total losses at 75 °C w 760
Basic insulation level kV 3
Efficiency level % 96
Maximum temperature rise K 75
Lifetime Years 40

The material most used in the active parts and BoP is chromium steel,
which is more than 50% of the total weight, while the second is the

electrical steel

Table 2. Life Cycle Inventory of 15 kVA DT manufacturing

Name of the flow Unit Value
Inputs
Aluminium primary Kg 4,16
Steel, chromium steel 18/8 hot rolled Kg 414
Copper Kg 97,5
Steel, electrical Kg 229,19
Polyester (epoxy) resin Kg 10.5
Polyamide Kg 2,9
Electronics for control units Kg 0,9
Brass Kg 0,16
Polycarbonate Kg 1,6
Carton for package Kg 0,4
Others Kg 16,36
Total weight of built-in materials Kg 775,34
Auxiliary inputs
Electricity kWh 1440
Heat kWh 1759
Water Kg 600
Main outputs
Waste paperboard Kg 0,4
Polyester (epoxy) resin kg 0,007
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Data for manufacturing processes was col-
lected from Wesemann Projects BV trans-
former manufacturer company, located in
Rotterdam (Netherlands). The company
designs and manufactures high-end trans-
former solutions for the industrial installer
and end-user [9]. Transformer inventory
data related to manufacturing processes
was collected through internal engineer-
ing reports (direct flows) and from the
interviews. Indirect flow data such as ex-
traction, processing, and transportation re-
lated to direct flows were obtained from the
Ecoinvent database. Hand labor was out of
the scope of this study due to difficulties in
collecting these data and methodological
assumptions. Moreover, it has an influence
on input energy and environmental im-
pact [10]. Performance characteristics for
the DT are presented in Table 1. Accord-
ing to the DT type, a difterent number of
materials is needed for the manufacturing
process. The LCI data for input and output
flows is shown in Table 2.

Manufacturing of active parts,
assembly, and BoP stage

Different types of materials were used to
build the DT. The material most used in

the active parts and BoP is chromium steel,
which is more than 50% of the total weight.
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The second metal is electrical steel, used
mainly for solid cores. Copper used in the
active parts (e.g., copper coils) represents
13 % of the total weight, and polyester (ep-
oxy) resin used for coating is only 2 percent
There are other materials contributing less
than 1 percent to the total material weight
such as electronics, plastics and cardboards
as shown in Fig. 2. For modelling purpos-
es, the origin of the material inputs for the
manufacturing processes come from the
Dutch and EU markets, and if not available
then from the Global market.

Energy for manufacturing of active
parts, assembly, and BoP

The electricity supply and its assessment
play an important role in the LCA. The
choice of the source and the composition
of the electricity mix can be highly influ-
ential factors in the environmental profile
ofatechnology [11]. During the first stage
of the life cycle, electricity originated from
the Dutch grid mix (Fig. 3).

In 2023, a total of 120 billion kWh of elec-
tricity was produced in the Netherlands.
The fossil fuel-based electricity supply
was 58 billion kWh, which is about 48
per cent of the total supply. About 48 per
cent of total electricity was produced with
solar and wind energy and from biomass.
Nuclear energy had a share of 3 per cent in
total electricity supply [12]. The other en-
ergy sources (hydro and unspecified fos-
sil fuels) were not considered in the LCA
model as their share is only 2 per cent.

The auxiliary processes, such as manufac-
turing energy and water consumption for
the DT, come from the statistical data and
national reports [13-14] and were calcu-
lated according to the building parame-
ters of the Wesemann BV factory. The cal-
culated energy data was multiplied with
the values from Fig. 3 and entered into
openLCA software.

Transportation stage

In the transportation stage, three import-
ant variables that drive carbon emissions
from transportation need to be consid-
ered: distance travelled, mass transported,
and mode used [15]. To evaluate the emis-
sions during the transportation phase, the
following variables were set:

« the distance from the manufacturer to
the end user (within the Netherlands),

« the way of transportation (freight),

« the weight of the DT (775 kg).

www.transformers-magazine.com

Operation stage

The load factor of the system is as- of 8 hours per day for 365 days a year
sumed to be 33% (116800 hours of op-  during the 40 year life cycle. Trans-

The choice of the source and the composi-
tion of the electricity mix can be highly in-
fluential factors in the environmental profile
of a technology

_Materials with less than
Polyester resin, 2% - 1%, 2%

Copper, 13%_—

\_ Chromium steel, 53%

Electrical steel , 30%

Figure 2. Materials used in DT
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Figure 3. Electricity supply in the Netherlands in 2023 by sources [12].

eration), which is equal to an average
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ENVIRONMENT

Transformer losses represent an important
part of transformer use, and they have to be
taken into consideration when calculating
the environmental impact

former losses represent an important
part of transformer use, and they have
to be taken into consideration when
calculating the environmental im-
pact. During the DT operation phase,
the efficiency of dry-type transform-
ers varies from 97 to 99 per cent [16];
therefore, total losses of 3 per cent were
modelled. Total power losses are repre-
sented by the sum of load losses and
no-load losses. Load losses are associ-
ated with the coils and depend on the
transformer loading conditions. No
load losses occur due to the magneti-
zation current needed to energize the
core of the transformer. No-load losses

are constant and do not depend on the
transformer load [17].

End-of-life stage

Three potential EoL scenarios were con-
sidered in this study - recycling, disposal,
and incineration. Materials presented in
the Balance of plant (BoP), such as chro-
mium steel, aluminum and copper, are

tully recyclable [1].

Although the studied DT is a dry-type
medium transformer, the absence of oil
in its components poses a challenge for
recycling such transformers. Due to the
presence of epoxy resin in the windings,

Table 3. LCIA results of the DT with the ILCD impact categories per 15 kVA (Eq - Equivalent).

metals such as copper and electric steel
are difficult to recover. Furthermore,
epoxy resins are chemical compounds
with complex structures and therefore,
windings covered with resin require en-
ergy-intensive equipment to separate
the resin. As a result, coils covered with
epoxy resin are sold along with other
electromechanical scrap for export out-
side the EU, where the separation of the
resin from the metal coils would take
place [3].

To evaluate the impacts during the EoL
stage, the following materials from the DT
were used for recycling:

« copper and brass used in BoP with a
recycling rate of 90 percent. The recov-
ered materials have the highest purity
level 1A, meaning that they can be
used again for electrical applications,
including transformer windings, with-
out further purification (3],

Impact category | Reference unit | Manufacture Transport Operation End of Life Result
Acidification
(freshwater and mol H+-Eq 4.93E-05 2.49E-05 9.84E-03 -2.42E-03 7.49E-03
terrestrial)
Carcinogenic CTUh 2.06E-08 5.05E-10 2.51E-07 6.13E-08 3.33E-07
effects
Climate change
(GWP 1002) kg CO2-Eq 8.69E-03 5.28E-03 4.00E+00 -2.92E-02 3.98E+00
Freshwater CTUh.m3.yr 4.34E-01 6.80E-02 6.11E+01 8.58E+01 1.47E+02
ecotoxicity
Freshwater kg P-Eq 3.34E-06 7.18E-07 9.40E-04 8.07E-06 9.52E-04
eutrophication
lonizing radiation mol N-Eq 2.06E-09 5.86E-10 9.11E-07 4.25E-09 9.18E-07
(ecosystem)
lonizing radiation |\ 555 £ 6.60E-04 2.20E-04 3.87E-01 1.18E-03 3.89E-01
(human health)
Marine
eutrophication kg N-Eq 8.80E-06 8.41E-06 2.72E-03 -1.21E-03 1.53E-03
(ecosystem)
©Ozone layer kg CFC-11-Eq 1.46E-10 9.17E-11 1.41E-07 -9.38E-10 1.40E-07
depletion
Photochemical |\ i lene-Eq | 3.10E-05 3.38E-05 8.81E-03 -3.74E-03 5.13E-03
ozone creation
Resources
depletion (mineral, | o o 2.02E-08 2.98E-09 3.38E-06 5.18E-08 3.45E-06
fossils, and
renewables)
Respiratory effects, |\ oo 5.4 1.17E-05 2.86E-06 9.40E-04 -1.91E-04 7.64E-04
Inorganics
Terrestrial
eutrophication mol N-Eq 9.28E-05 9.03E-05 3.12E-02 1.47E-02 1.67E-02
(ecosystem)
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« electric steel from the transformer coils
and the chromium steel used for the
BoP with 100 per cent recycling rate,

« electronic equipment from the control
units and monitoring devices recycled
at a rate of 22.3 per cent based on the
global e-waste rate in 2022 [18].

The following components of the DT
were disposed of (landfilled) [17]:

« epoxy resin molded coils,
« electronic waste from the control units
that cannot be recovered.

Plastic components such as joints, buffers,
and parts of the electronic unit, which
cannot be recovered, were modelled as an
incineration process.

3. Environmental impacts
of the dry-type power
transformers

The values for the environmental im-
pacts of the DT in selected impact cat-
egories are presented in Table 3. These
values represent the sum of impacts for
alllife cycle stages of the DT, i.e., raw ma-
terials extraction, manufacturing, trans-

Studied DT is a dry-type medium transform-
er, therefore, the absence of oil in its com-
ponents poses a challenge for recycling

such transformers

portation, and end-of-life processes. In
this study, the ILCD 2011 methodolo-
gy was chosen as an impact assessment
method. ILCD 2011 recommends using
midpoint impact categories as they focus
on the analysis of the single environmen-
tal problems (e.g., climate change, acid-
ification, etc.) while endpoint indicators
show the environmental impact on three
higher aggregation levels, such as the
effect on human health, ecosystem, and
resource scarcity [7].

A detailed analysis of the results of the
LCA during the life stages (manufacture

— transport — operation- EoL) is shown in
Fig. 4. Manufacturing accounts for a mi-
nor share (up to 15 per cent) of the total
environmental impact except for the car-
cinogenic effect in the DT studied. EoL
has negative values in almost all impact
categories due to the recycling of the steel,
copper and aluminum as these materials
are returned to the global metal reser-
voir, offsetting part of the manufacturing
impact. However, the disposal of compo-
nents that cannot be recovered (e.g., epoxy
resin, electronic waste, and plastics) has a
significant share in two impact catego-
ries — carcinogenic effect and freshwater

Manufacturing accounts for a minor share
(up to 15 per cent) of the total environ-
mental impact, except for the carcinogenic
effect in the DT studied

Tarestrial cutrophication (ccosystem)

Respimtary effects, inorgani

1, fossils and renewables)

Photochamical ozone crcation

Omne layer depletion

Marine cutrophication (ecosystem)

leaising radiatica (human health)

lenising radistica (ecosystem)

Freshwater eutrophication

Freshwater ecotoxicity

Climate change (GWP 100u)

Carcinogenic effects

Addification (freshwater and terrestrial )

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
®Manufacturing  ® Transportation ®Operation ®EoL
Figure 4. Environmental impacts of DT in life stages
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The manufacturing and assembly phase of
the transformers has a significant impact on
carcinogenic effect and respiratory effect
Impact categories due to chromium steel

ecotoxicity. Electronic products that were
disposed of or incinerated impose a high
risk on the environment, such as degrada-
tion and pollution of soil, contamination
of water sources and release of toxic fumes
(from e-waste combustion) [19].

The manufacturing and assembly phase of
the transformers has a significant impact
on carcinogenic effect and respiratory ef-
fect impact categories due to chromium
steel in the BoP with a share from 53 up
to 97 per cent. Copper is the second met-
al contributing to the high impact values,
especially in freshwater ecotoxicity (Fig.
5). The production of copper and steel
requires large amounts of fossil energy
sources, which is the reason for the high
contributions of these materials in the re-
sults.

The share of “other” in the category of
ozone layer depletion (ODP) belongs to
the origin of electricity. In the process of
transformer manufacturing, the insulation
modules need to be handled in a special
insulation room where the drying pro-
cess occurs. The high-temperature drying
takes place in the vacuum ovens for about
4 hours, which requires a certain amount
of energy. Therefore, electricity contributes

about 30 per cent to the total impact.

The transportation stage has the lowest
impact due to the small distance and the
low weight of the DT. With the increase in
transportation distance and for high-volt-
age, large-capacity transformers, the im-
pact is higher, but such calculations were
out of scope in this study.

The environmental impacts during the
operational phase are largely influenced
by the type of energy source used and
the associated power losses. Renewable
sources like wind or solar PV would have
a lower environmental impact, reducing
the overall footprint of energy use. As ma-
terials can be recycled but energy cannot,
the impact of power losses becomes even
more significant when non-renewable en-
ergy is used.

4. Limitations of the study

Considering the wide range of inputs used
for this research, the following limitations
are presented.

1. Matching processes from the inven-
tories with the data available from the
database used was possible for almost

all modelled materials and processes.
However, there were limitations. For
example, thermoplastic used in the
conductors is modeled as a polymer
since it has similarities in the manufac-
turing process.

2. Concerning the end-of-life phase,
available data on recycling processes
for metals (e.g., stainless steel, copper,
aluminum) is limited in the database.
Therefore, the closest processes on
recycling (e.g., aluminum scrap, rein-
forcement steel treatment) were used to
assess the impacts from the EoL stage.

3. From a methodological perspective,
the functional unit and boundaries
should be set in LCA. In this study, the
results are represented within cradle-
to-grave system boundaries and the
functional unit of 15 kVA capacity was
established. Changing the functional
unit or system boundaries would show
different results.

Conclusion and
recommendations

An LCA was performed to analyze the
environmental impacts of a dry-type dis-
tribution transformer. The results show
that acquiring raw materials in the man-
ufacturing process to produce chromium
steel containing active components has a
major impact on the carcinogenic and re-
spiratory effects categories. To reduce the
emissions from these metals, additional
strategies should be implemented, such
as putting high requirements on copper
and steel suppliers processes and energy

100% —
90%
80% l =
0%
60%
0%
40%
30%
20%

10%%

[

Acidification CE GWP 100a

Marine oDp

eutrophication

IR IR {human

FW health)

i Chromium steel ®Copper ® Aluminium ® Electronics

RD RE TE

Other

Figure 5. Contribution of the components in impact categories
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consumption (e.g., increased share of re-
cycled steel in new products, low-carbon
suppliers, etc.). By sourcing copper from
low-carbon suppliers, emissions could
be reduced by as much as 50% compared
to the global average for copper produc-
tion. Relying even more on low-carbon
materials would further decrease overall
emissions [20]. Nevertheless, copper has
a major impact on the following catego-
ries: acidification, freshwater ecotoxicity,
freshwater eutrophication, photochem-
ical ozone creation, resource depletion,
and respiratory effects. The process of
drying the insulation modules in the as-
sembly stage consumes significant energy
and contributes to the Ozone layer deple-
tion impact category.

Major impacts were shown to be related
to the operational phase and the sourc-
es of the electricity, accounting for more
than 90 per cent of all impact categories.
It could be concluded that improvements
in the environmental impacts could be
achieved when using renewable energy
sources. An analysis of transformers con-
nected to renewable energy sources in
Sweden showed that environmental im-
pacts of the transformer’s operational stage
type could be easily and swiftly offset by
enabling the integration of more renew-
able energy sources without the need for
costly grid reinforcement measures [21].
To reduce load losses during the operation
stage, improvements in design could be
made. Creating a design that includes the
substitution of highly environmentally in-
tensive components for components with
a lower carbon footprint is important in
decreasing the impacts of this equipment.
One of the solutions would be the use of
amorphous metals in the transformer
cores. Studies on the environmental as-
sessment of transformers have shown
that amorphous dry-type DTs are more
sustainable solutions with respect to the
Global Warming Potential impact catego-
ry than conventional DTs based on copper
or steel. Furthermore, using amorphous
metal as core material allows a remark-
able reduction of transformer losses by
50%-70%, reducing CO2 emissions [22].
Moreover, using recycled materials to
manufacture the transformers can further
reduce the environmental impacts due to
decreased mining, extraction, production,
and transportation activities.

Finally, the improvement strategies in
EoL for electronic waste would increase

www.transformers-magazine.com

By sourcing copper from low-carbon suppli-
ers, emissions could be reduced by as much
as 50% compared to the global average for

copper production

the recycling rate and thereby potentially
reduce the environmental impacts.
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