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Training a transformer model (the "T" in
ChatGPT) utilizes approximately 5 GHz
of processor clock speed, 3 terabytes of
memory, and 700,000 liters of cooling
water - producing emissions equivalent
to five times those of an average car
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The high power (64 to 300 MW) and water
demands of generative Al data centers,
comparable to small cities, will delay their

approvals

1. AP’s energy and
environmental costs

Generative Al is expected to boost the
global GDP by 7% over the next de-
cade, translating to about US$7 trillion
[1]. Despite its potential, its immense
computation power and memory make
datacenters both energy- and water-
intensive. For instance, training a trans-
former model (the "T" in ChatGPT) uti-
lizes approximately 5 GHz of processor
clock speed, 3 terabytes of memory, and
700,000 liters of cooling water - produc-
ing emissions equivalent to five times
those of an average car [2], [3], [4], [5]. A
ChatGPT query uses 8 times more power
than a Google search, while an Al image
uses energy equivalent to a smartphone.
10 to 50 GPT prompts use an equivalent
bottle of water (16 0z/473 ml) [4], [5]. Hy-
perscalers (Google, Microsoft, Amazon,
Meta, Apple, Alibaba, Huawei, Baidu, etc)

must aim for "more work per watt" for

sustainability, as coined by Dipti Vachani,

Senior VP and GM, of the automotive
division at Arm [4].

The high power (64 to 300 MW) and
water demands of generative Al data
centers, comparable to small cities, will
delay their approvals. Despite this, the
global fleet of over 8,000 data centers
is expected to grow at a 5.4% CAGR by
2030, boosting power demand and the
equipment market into the double-digits
[6], [7]. In the US, data center power
usage is projected to rise from 2.5% in
2022 to 16% by 2030, enough to power
100 million homes [4]. To support this
growth, governments, hyperscalers,
utilities, and equipment manufacturers

are investing heavily in the power sector.

The recently announced Stargate Project
intends to invest US$500 billion over the
next four years in Al infrastructure, with
US$100 billion deployed immediately.

The US bipartisan infrastructure deal
allocated $65 billion for power upgrades,
US utilities are investing US$50 billion,
and Hitachi is investing US$6 billion,
starting with US$1.5 billion for trans-
former factory expansion [4], [8], [9],
[10].

1.1. Transformative
semiconductor innovations

Generative Al is advancing semiconduc-
tors while balancing energy and envi-
ronmental needs. TSMC Chair Mark Liu
highlights that integrating chips in 3D on
the wafer (CoWoS - chip on wafer on the
substrate) or system (SolC - small outline
integrated circuit) densifies transistors
beyond the reticle field limit, aiming for
a 1 trillion transistor GPU. This is the
maximum aperture size of the etching
light used on silicon wafers. For typical
GPU chips, this limit is around 100 billion
transistors [3], [11]. Consequently, with
the highest density of vertical connec-
tions, is the fastest-growing segment of
advanced packaging, expected to triple
to US$38 billion by 2029 [12].

Simultaneously, specialized chips are
achieving remarkable speeds at lower
costs. For instance, Grog's 14 nm chips

until 2030,
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Figure 1. Growth in the US datacenter power demand [6]
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are reportedly 18 times faster than the
latest 4 nm GPUs from a major GPU
manufacturer [13]. In December 2024,
the release of DeepSeek-V3, a large lan-
guage model (LLM), demonstrated supe-
rior performance compared to its peers
(Llama 3.1 and Qwen 2.5) and matched
others (GPT-40 and Claude 3.5 Sonnet)
with significantly fewer training resourc-
es. Training DeepSeek-V3 reportedly cost
US$5.58 million, marking a 94% reduc-
tion compared to GPT-4's US$100 million
expense [14], [15]. These advancements
underscore the principle of "more work
per watt."

3D chip integration is expected to
enhance computing speed, energy-ef-
ficient power (EEP), and power usage
effectiveness (PUE). EEP, a measure of
energy efficiency with computing speed,
is projected to triple every two years [3].
PUE, the ratio of compute to total energy
consumption in a data center, ideally
equals one [6]. Higher compute speeds
and power densities, increase tempera-
ture and thermal cycling. This can cause
warpage and eventual failure of chip
packages and PCBs. Siemens EDA is
partnering with TSMC to test Calibre 3D
Thermal for verifying 3D integrated
circuits [16].

Reducing the energy and environmental
footprint of data centers is crucial for their
approval and operation

Thermal management accounts for
30-40% of a datacenter's energy use
[17]. Advanced cooling methods, like
full immersion rack, direct chip, and
cold plate cooling, support power
densities over 100 kW. Al algorithms
can reduce PUE by 20-30% through
optimized load sharing and cooling.
Recovering datacenter waste heat for
district heating, as Amazon does in
Dublin, reduces emissions footprints
[6]. Reducing the energy and environ-
mental footprint of data centers is
crucial for their approval and opera-
tion. This requires Simcenter 1D-3D
multi-scale energy and thermal sys-
tem simulations, from chip, PCB, and
server-rack levels to building HVAC
and cooling systems like chillers and
cooling towers. Figure 2 is the ther-
mal analysis of a datacenter building
coupled to an external chilling unit,
which can be extended to utility-scale
energy storage and heat recovery,
providing an overall PUE metric.

2. Grid modernization
2.1. Electrification

Electrification of passenger vehicles
and home heating and cooling is pro-
gressing slower than expected. Palo
Alto, California, with the highest EV
adoption rates in the US, aims for an
80% emission reduction by 2030 [18],
[19]. This requires increasing charging
ports from 4,600 to over 30,000 in six
years [20]. Assuming a 20% adoption of
L2 chargers and heat pumps, the rating
of a transformer serving 15 households
doubles from 40 to 80 kVA as seen

in Figure 3. Palo Alto's grid, originally
designed for natural gas cooking and
water heating, needs upgrades. Tomm
Marshall, Assistant Director for Palo
Alto Utility, stated that there are plac-
es where a heat pump or EV charger
cannot be added without rebuilding
that portion of the system [21]. To mod-
ernize its grid, in 2022, the City of Palo
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Aging grids and lower maintenance bud-
getsin mature markets require digital twins
for improved operations, predictive main-
tenance, and extended useful life

Alto announced a US$150 million in-
vestment - which has grown to US$300
million [22], [23].

2.2. Renewable and lower
carbon power integration
challenges

Lower-carbon energy sources are essen-
tial to reduce emissions from generative
Al and electrification. In the US, switching
from coal to natural gas has cut emis-
sions by 18% since 2005. In Canada,
replacing coal plants with renewable
and low-carbon sources is expected to
reduce coal's share from 16% in 2005 to
less than 1% by 2040 [24]. Hyperscalers
are exploring nuclear power, leading to
aresurgence in small modular reactors
(SMRs). Google and Kairos Power plan
to deploy 500 MW from seven SMRs by
2030. Amazon has invested $500 million
in X-energy SMR technology, committing
to four units deploying 320 MW [25].

To meet its 2030 climate and energy
security targets, the EU needs to add 33
GW of wind energy annually. In 2023,

it added 18.3 GW, raising wind's contri-
bution to 19%, surpassing hydro (13%),
solar (8%), and biomass (3%). Offshore

wind, with its higher capacity factor and
social acceptance, is expected to surpass
onshore installations by 2030 [26].

China reached its 2030 renewable capac-
ity target of 1,200 GW in 2024, six years
early. In Q1 2024, thermal additions fell
by 45%, while renewables rose by 50%,
accounting for 38% of capacity, second
to thermal's 46%. Hydro is at 14%, and
nuclear at 2% [27]. Despite a 21.6%
investment in power grids, equipment
utilization dropped, and excess energy
dispatch faced challenges [28]. India
aims for 50% non-fossil capacity by 2030,
reaching 44% in October 2023 [29].

Due to the variability of renewables,
charging, and datacenter loads, Hitachi
Energy predicts over 30% growth in en-
ergy storage, led by utility-scale battery
energy storage systems (BESS) [30]. The
shift to a bidirectional smart grid is driv-
ing active management of generation,
transmission, and distribution, necessi-
tating utility digitalization. Additionally,
aging grids and lower maintenance
budgets in mature markets require
digital twins for improved operations,
predictive maintenance, and extended
useful life.
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Figure 3. Higher distribution transformer ratings with more electrification of
passenger vehicles, home heating, and cooling (initial transformer rating from [18])

3. Evolving role of
transformers in Al and
grid modernization

3.1. Next-generation
transformers

Transformers are crucial for efficient
long-distance electrical energy transmis-
sion and distribution. This role is even
more critical for Al data centers, which
present a significant power load to the
grid. Transmission loss from generation
to the datacenter is a key metric. Ac-
cording to Hitachi-Energy CEO Andreas
Schierenbeck, Al data centers have
unique power profiles, requiring peak
power during Al training without triple
redundancies [9]. Therefore, transform-
ers must be redesigned to deliver more
power while remaining highly reliable
and efficient in a dynamic grid. The re-
quirements are as follows:

1. Design for non-conventional load pro-
files. Datacenter power consumption
can vary by 40-75% within an hour
[31]. Similarly, transformer capacity
utilization is lower during the day for
solar and when the wind blows for
turbines. Next-gen designs must bal-
ance material use, peak power needs,
service life, and efficiency at no and
partial loads.

2. Higher-rated distribution transform-
ers that support more electrification
(EV charging and heat pumps) without
replacing poles and vaults.

3. Bidirectional energy flow that ac-
celerates thermal aging, supporting
residential (solar, vehicle-to-grid) and
utility-scale battery storage.

4. Strengthened designs for offshore
wind and solar applications to with-
stand wind, waves, and ocean cur-
rents.

5. Modular and transportable profiles
for expanding centralized EV charging,
data centers, wind, solar, and utili-
ty-scale battery storage.

A transformer OEM'’s margins depend on
how well its portfolio addresses these
requirements within competitive lead
times. Medium-voltage transformer lead
times have increased from 4-6 months
pre-COVID to 18-36 months in 2023,
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leading to longer lead times for new data
centers [7], [32]. They also face expertise
gaps due to retirements and a slow de-
velopment process, affecting SMBs.

Simulation-driven development (SDD)

is key to overcoming these challenges.
SDD, combined with decades of test
data, adapts existing designs to use
readily available parts and materials,
countering supply chain issues. It en-
ables cost-effective testing of new de-
signs and materials, such as insulation
materials, eco-friendly ester coolants,
air-cooled designs, and solid-state trans-
formers (SSTs). SSTs, suitable for bidirec-
tional power flow, eliminate the need for
standard distribution transformers for
EV chargers. Realistic testing in distribu-
tion environments will aid their accep-
tance [33].

3.2. Siemens simcenter
transformer simulation
solution

Siemens Digital Industries Software
collaborates with transformer OEMs to
virtually validate designs before physical
prototyping, reducing costly iterations.
Using Simcenter, they extract the trans-
former's electro-thermal operating en-
velope for system-level analysis. Initial

A transformer OEM’s margins depend on
how well its portfolio addresses these

requirements within competitive

times

electrical sizing is done with TrafoSolve,
an FEA-based tool for efficiency, insu-
lation, and thermal analysis [34]. It is
based on design rules and international
standards from Infologic Design, our
specialist transformer partner. Once the
design is finalized, TrafoSolve exports

a 3D geometry to Simcenter 3D, where
the entire transformer CAD is assem-
bled. Simcenter 3D synchronizes EMAG,
CFD-thermal, structural, and NVH models
to the same CAD, enabling faster multi-
-domain validation [35]. Reduced order
models (ROMs) can then be extracted for
creating physics-based digital twins.

The transformer workflow, as shown in
Figure 4 and trackable through Teamcen-
ter PLM, is easily deployed for major
enterprises. For SMBs, which make up
nearly 50% of global transformer OEMs,
it is deployed through engineering ser-
vices. While SMBs excel in specific areas,
they require multi-domain validation

lead

to remain competitive. Simcenter 3D,
being CAD-centric with flexible physics
licensing, will helps SMBs cost-effectively
validate transformer performance. For
example, for offshore applications like
wind and solar, structural-vibroacoustic
analyses must include wind, wave, and
ocean current loads, extracted using
CFD. Correlating with test data from low-
er-rated transformers enables the devel-
opment of higher ratings that cannot be
tested on shakers.

3.3. Transformer digital twins

The failure of critical equipment can crip-
ple datacenters, electrical grids, and gen-
erating plants, resulting in losses ranging
from tens to hundreds of millions of US
dollars. For example, Luc Paulhiac, Chief
Transformer Expert at EDF, noted that

a single power transformer failure can
shut down a nuclear plant, costing €3-5
million per day, and up to €20 million in

TrafoSolve
Dedicated transformer calculator

1D-Systems

EMAG efficiency & insulation

Simcenter 3D CAD-centric multi-domain platform
Access to more physics via flexible licensing

Structural short-circuit withstand

CFD-thermal duct sizing &
outer cooling design

HEEDS Multi-domain Optimization

NVH transformer hum

Teamcenter PLM-enabled

Figure 4. Simcenter transformer simulation solution for early electrical sizing, and detailed electrical and mechanical analysis
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The failure of critical equipment can cripple
datacenters, electrical grids, and generat-
ing plants, resulting in losses ranging from
tens to hundreds of millions of US dollar

winter [36]. In 2024, the Point Lepreau
Nuclear Generating Station's mainte-
nance shutdown was extended from 98
to 248 days due to a generator problem,
costing about CAD$71 million [37]. In
2022, Google and Oracle data centers in
the UK went offline due to a heat wave,
while Alibaba's in Hong Kong was down
due to a cooling failure [38].

To mitigate financial losses, digital twins
for monitoring and forecasting are be-
coming more prevalent. Hydro-Québec
monitors the temperature, EMAG, and
NVH signatures of hydro turbine-gen-
erators during planned shutdowns to
minimize downtime [39]. EDF in France
is equipping all main transformers with
online monitoring [36], which is timely
for critical power transformers over 40
years old in mature OECD markets. Due
to the growing importance of informa-

tion services for medical, financial, office,

and social applications, data centers are
mission-critical. Digital twins are needed
to ensure power availability, affecting
server load scheduling and thermal re-
quirements and, thus, the data center's
footprint. This leads to lower operating
costs for remote data centers and re-
newables by efficiently deploying service
crews, managing inventory, and schedul-
ing maintenance.

As shown in Figure 5, a digital twin has
two data streams: physical and virtual.
Real-time data is processed into a histo-
rian-based digital twin. Adding physics
and aging models, done on- or offline, al-
lows prediction of non-historical events.
For example, Open Grid Europe in Ger-
many leveraged Simcenter Flomaster to
evaluate safety risks in the existing gas
pipeline network for new requirements
and emergency scenarios [40]. Accord-
ing to Oladapo Ogidi, Senior Turbine

Technology Engineer at RWE Offshore
Wind GmbH, to fully benefit from phys-
ics-based digital twins, requires co-cre-
ation with OEMs, utilities, and software
vendors. OEMs provide CAD and CAE
models, qualification, and commission-
ing data. Utilities offer operational data
with aging and event markers. Siemens
Digital Industries Software integrates
these data streams.

Figure 6 shows the AR real-time visual-
ization of wind turbine blade deforma-
tion. Structural FEM analysis identified
critical, hard-to-measure locations.
Sensors at limited locations generated
test data. Deploying an executable ROM
that augmented the test, and virtual data
gave insights into the stress and defor-
mation of the turbine blade with a lower
sensor count. This reduces monitoring
costs while capturing data from hard-to-
measure locations. It is ideal for offshore
wind turbines, where multiple sensors
are necessary.

Outlook and challenges

Al is driving a 5% CAGR in datacenter
growth, significantly impacting the power
sector. Reducing energy and environ-
mental costs is crucial for their opera-
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Figure 5. Typical data flow in a power transformer physics-based digital twin
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tion. Al sustainability will focus on higher
compute speeds, efficient models, and
optimized thermal management. Using
3D-integrated and specialized chips
like Grog enhances energy efficiency.
Efficient LLM models like DeepSeek-V3
will further reduce training costs and
emissions. Siemens EDA will continue
collaborating with the semiconductor
and electronics industry to verify 3D
integrated circuits.

Advanced cooling methods, such as full
server immersion and optimized algo-
rithms will cut data center thermal ener-
gy use, which is 30-40% of total data cen-
ter consumption. These improvements
will drive upgrades, which must be done
cost-effectively. Simcenter 1D-3D simula-
tions can be leveraged to analyze energy
and thermal loads from chips to cooling
towers.

Transformers are crucial for the effi-
cient transmission of the higher power
needed for Al and grid modernization,
driving their double-digit growth. Mod-
ern grids need higher-rated transform-
ers for EV charging, interfacing low-car-
bon sources, and energy storage.
OEMs must redesign transformers for
increased power and reliability, facing

challenges like investment, longer de-
livery times post-COVID, and expertise
gaps affecting SMBs.

Greater adoption of simulation-driven
development (SDD) will adapt existing
transformer portfolios and create new
designs cost-effectively. For example,

to address supply chain constraints by
incorporating available materials and
parts, Siemens Digital Industries Soft-
ware is partnering with OEMs for trans-
former development. TrafoSolve, an FEA-
based transformer calculator for early
design, and comprehensive multi-do-
main synchronization to the same design
CAD in Simcenter 3D, are being used.

The transformer digital twins service
market will grow, reducing costs by
managing inventory and service crews
and extending life. For data centers, the
visibility of critical transformers in load
scheduling ensures power availability
and optimizes the thermal loads to re-
duce energy and environmental impact.
Co-creation with OEMs, utilities, and
software vendors like Siemens Digital
Industries Software is essential.

Generative Al and electrification will
continue advancing semiconductors,

Simulation results stream from Simcenter
Testlab RT to AR tool to visualize the full
field deformation in real time

Figure 6. Simcenter real-time AR visualization of the deformation of a wind turbine blade
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digitalizing utilities, and boosting trans-
former growth, including energy storage
and renewable sources.
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