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SCIENCE FOR SOCIETY Cleanrooms are critical infrastructure for high-precision industries such as semi-
conductors and microelectronics. However, rigid control over temperature, humidity, airflow, etc. requires
high energy consumption, which can vary significantly with local climate factors. Given the potential impact
of near-future climatic changes, it becomes increasingly important to study the operation of cleanrooms in
future scenarios. Our approach combines the quantitative assessment of cleanroom sustainability in space
and time with an analysis of how energy consumption and local climate shape environmental performance,
enabling decision-makerswith tools to identify suitable locations for cleanroomdevelopment based on fewer
greenhouse gas emissions and climate impact. This study introduces a cleanroom energy demandmodeling
framework that integrates multiple data sources and employs advanced simulation techniques to address
the complexities of cleanroom operations under varying climatic conditions.
SUMMARY
We investigated future cleanroom energy consumption by examining parameters, such as cleanroom class,
electricity mix, technical efficiency, and location. These parameters were integrated with life cycle inventory
(LCI) data and IntegratedModel to Assess the Global Environment (IMAGE) regions, combining shared socio-
economic pathways (SSPs) and representative concentration pathways (RCPs) to calculate the carbon emis-
sions. For various climatic zones, we considered heating and cooling degree days to estimate the energy
consumption tomaintain targeted temperatures. Therefore, we quantified the full spectrum of climate change
impacts related to cleanroom operations across the globe and under future scenarios by evaluating 49,572
operational scenarios at the country level and 243 impact indicator maps, totaling over 68 trillion results from
2020 to 2060. Our findings stress the importance of strategic location for optimizing cleanroom operations. In
applying our model, a scenario carbon emission calculator was developed to assist users in locating sce-
narios of interest more effectively by inputting their criteria into our models.
INTRODUCTION

Chips and microchips, some of the most technologically inten-

sive and structurally sophisticated industrial products, are

broadly implemented in a variety of electronic devices.1 It is

well acknowledged that the manufacturing process, particularly

in advanced nanoscale dimensions, is exceedingly sensitive to

impurities.1,2 Airborne particles of critical size; contaminants in

chemicals used in the chip-manufacturing process; pollutants
Cell Reports Sustainability 1, 10
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in compressed air; the water used for cleaning, dilution, and

reagents; impurities in the wafer materials; and other contamina-

tion may all contribute to chip flaws by influencing their mechan-

ical, electrical, optical, and magnetic properties.3,4 Therefore,

chip manufacturing must be performed in clean and stable

environments provided by cleanrooms.5 In these facilities, the

density of floating airborne particles is maintained within a

defined range. In addition, cleanrooms allow strict control of

temperature, humidity, air exchange rate, pressure difference,
0219, September 27, 2024 ª 2024 Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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electrostatic interactions, vibration, noise, and other relevant

local operation conditions.6–8 Without such a controlled environ-

ment, the chip-manufacturing process would be challenging at

every stage, reducing yield or even preventing the fabrication

of advanced devices.

In addition to the semiconductor sectors, cleanrooms are

building blocks/key facilities in life science-related production

processes and for developing emerging technologies and

continuous innovation.5 Cleanrooms, initially established in the

semiconductor production sector, have nowadays a much

wider range of applications. They are indispensable in modern

technological endeavors, specifically in the preparation of bio-

logical materials,9 pharmaceutical manufacturing,10 food-

related industries,5 optics laboratories,5 operating rooms in hos-

pitals,11 and generation of energy-transition products (solar

photovoltaic panel manufacturing),12 and others. Noteworthy

are also applications in the fast-developing aerospace sector,

sensitive instrumentation in safety-relevant aircraft applications,

sensors, and the particularly expensive satellite and space

exploration equipment, all of which cannot succeed without

dedicated clean environments. Depending upon the nature of

specific ventures and industries and prerequisites for the

workplace, the cleanliness of the encased space of cleanrooms

is classified into International Organization for Standardiza-

tion (ISO) levels 1–9 by the international standards ISO

14644-1.5,13–15 Although higher numbers indicate less stringent

control parameters in the classifications, all levels have well-

defined and standardized requirements. The details of the ISO

levels can be found in Table S1.

The airflow in a cleanroom is fundamental for the undesired

circulation and distribution of airborne particles of various sizes.

These particles can never be completely eliminated but are

greatly reduced in size ranges that negatively impact production

processes. From a technical perspective, cleanrooms generally

involve laminar flow and turbulent flow circulation modes.

Higher-class cleanrooms commonly adopt laminar flow modes,

also known as one-way flow (vertical or parallel flow) clean-

rooms, which maintain cleanliness through continuous air ex-

change.16,17 The treated clean air moves uniformly in one direc-

tion, either vertically or horizontally, over the entire block and

displaces the existing air, which is driven out of the cleanroom

and recirculated after filtering. In this case, clean airflow perme-

ates the entire space rather than only a few outlying places. Tur-

bulent flow is routinely used in lower-class cleanrooms. When

fresh, purified air from the air supply enters the room, purified

air spreads swiftly and mixes with the previous air, while approx-

imately the same quantity of air is expelled through the return air

outlet.11,18–21 Thus, the clean airflow dilutes interior pollution and

flushes down the initial dust concentration. Faster airflow disper-

sion allows for a more uniform and greater dilution effect.

By contrast, a laminar flow cleanroom has a substantially

larger air supply volume than a turbulent one, allowing for greater

cleanliness.19,20 The ambient air is uniformly displaced by

incoming air, typically called the ‘‘piston effect.’’22 Both vertical

and horizontal airflow regimes are applied, the former typically

in fabrication cleanrooms and the latter in operation theaters

and aerospace assembly facilities. As a result, the cost of con-

structing and maintaining a laminar flow cleanroom is markedly
2 Cell Reports Sustainability 1, 100219, September 27, 2024
greater as it involves higher equipment investment and greater

energy consumption.23,24 In addition, integrating comprehensive

air distribution strategies, effective filtration, and accommoda-

ting user-induced disturbances are essential for optimizing

cleanroom energy consumption and operational efficiency.8,25,26

Properly balancing these elements can lead to significant energy

savings while maintaining the strict cleanliness standards

required in cleanroom environments.

From the point of view of environmental sustainability, clean-

rooms demand considerable energy regardless of class. This is

due to the requirement to maintain a constant working environ-

ment with controlled temperature, humidity, regular air exchange

rates and pressure differences, and other factors.6 Cleanrooms

may expend 30–50 times the energy of commercial buildings

and even 100 times the energy of office buildings.27,28

Typically, cleanroom designers have been focusing on

ensuring constant cleanliness as defined by the permitted par-

ticle count, additional requirements from the customer, and

possibly energy efficiency and low maintenance costs. Rarely

have manufacturers and users considered the overall sustain-

ability of the system and how, for example, local variations

such as different climates or means of electricity production

might affect its environmental performance. Undoubtedly, the

development of technology and management of technical effi-

ciency (the efficiency with which a technology converts fuel into

usable energy) could significantly increase energy efficiency

and savings. For example, diminishing the air exchange rates

outside of operational hours could effectively reduce energy

consumption as industrial cleanrooms typically operate 24/7

for the whole year. This is a somewhat limited source of sav-

ings, perhaps even limited to research facilities.29 In addition,

moving forward with the decarbonization of the electricity mix

(the variety and proportion of different energy sources used

to generate electricity in a given region or country) could be

another strategy from the standpoint of energy generation,

although this factor is highly dependent on regions and

policies.

Life cycle assessment (LCA)30–33 is the current method of

choice to assess the sustainability of products and technology

systems that are connected to the global economy, such as

cleanrooms. However, the absence of standardization in the

design of cleanrooms poses a severe challenge for LCA ana-

lysts, who can rely on only a handful of dated sources, restricted

life cycle inventory (LCI) data, and limited studies involving

genuine measurement data. Such challenges do not allow an

LCA analyst to effectively anticipate, forestall, or minimize the

environmental impacts of emerging technologies that require

cleanrooms. Unlike conventional LCA (or ex-post LCA), ex-

ante LCA focuses on products or services with lower technology

readiness levels (TRLs).34–36 Ex-ante LCA studies use scenarios

and models to describe and quantify possible future out-

comes.34,37 The results of such studies can support decision-

making for sustainability at the earliest stages of decision- and

policy-making and innovation.30,38

In this work, we assessed the environmental sustainability of

cleanrooms under various climate and energy scenarios. To

this end, we designed a flexible, modular tool to assess systems

that are spatially distributed and bound to change over time due



Figure 1. Energy demand needed for each

cleanroom ISO class

The correlation is based on the data of Xu and

Tschudi43 for ISO 4 and ISO 5, Williams et al.44 for

ISO 3, ISO 4, and ISO 5, and Ludlage et al.45 for ISO

7. Subplot (A) shows the linear regression between

energy demand and air exchanges, and subplot

(B) the recommendations (boxes) of IEST-RP-

CC012.142 for each cleanroom ISO class. The final

correlation between all ISO classes and the energy

demand (black triangles) is shown in (C). Linear

regression errors combined with IEST-RP-CC012.1

recommendation variance are also displayed.
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to climate-related and economic factors. Four main parameters

related to cleanroom electricity consumption were defined and

studied: electricity per ISO standard (P1), electricity per climate

zone (P2), technical efficiency increase (P3), and future electricity

mix (P4). Our research has revealed that climate zones signifi-

cantly affect cleanroom electricity consumption. From our wafer

fab cleanroom scenarios studies and examples from Taiwan

Semiconductor Manufacturing Company’s (TSMC) fabs (based

on its published data), the influence of climate zones could

even account for over 40% of cleanroom electricity usage, and

choosing the right construction climate zone could save about

20% of electricity. Moreover, studying the impacts of climate

zones on controlled environments is crucial for understanding

the specific benefits related to cleanrooms and broader en-

ergy-saving applications. This research specifically contributes

to the energy optimization discussion by demonstrating how

cleanroom construction and lifetime operations can benefit

from adapting to different climate zones, considering all selected

factors. Additionally, this research serves as a starting point for

sustainability assessments of other high-specification systems

or buildings with high energy demands that depend on specific

local operation conditions.39–41 This is particularly relevant within

the framework of sustainable development and sustainability by

design.

RESULTS

Energy demand per ISO standard (P1)
Our analysis reveals a linear correlation between energy demand

and air exchanges necessary tomaintain specific cleanroom ISO

standards, as depicted in Figure 1A with a gray dotted line.
Cell Reports Sustain
Figure 1 provides an overview of deriving

parameter P1, electricity consumption

per ISO standard, and Figure 1B illus-

trates the IEST-RP-CC012.1 (Institute of

Environmental Sciences and Technology-

Recommended Practice [IEST-RP]) guide-

lines42 for air change and airflow velocity

ranges, as per Xu and Tschudi’s findings43

denoted by square boxes.

The distinct characteristics of ISO clas-

ses 4 and 5 are evident from the analysis,

where significant differences in air ex-

change and airflow velocity appeared as
key factors in distinguishing these classes, as can be seen in

Figures 1A and 1B. By establishing a linear correlation between

energy demand and air exchange rate, we generalized the en-

ergy requirements across various ISO classes. This approach

combined with the average cleanroom guidelines from IEST-

RP-CC012.142 allows us to calculate the average energy con-

sumption for each classification, as detailed in Table S2. An

S-shaped relationship between ISO class and electricity usage

was identified, peaking at approximately 0.37 kWh/m2 with a

notable decrease in average energy demand, particularly be-

tween ISO 5 and ISO 6, as depicted in Figure 1C. As for ISO 9,

because there are no specific requirements for airflow velocities

or air change rates according to the ISO standards, these data

were not available, as listed in Tables S1 and S2 for ISO 9. There-

fore, for ISO 9 in this study, only the energy for temperature con-

trol (heating and cooling) was calculated. Variances in energy de-

mand were illustrated by error bars and were derived from

combining linear regression error with the variance in IEST-RP-

CC012.1 recommendations. Incorporating data from studies

conducted in the United States and the Netherlands,43 we

formulated a weighted average for heating and cooling energy

demands (as elaborated in the experimental procedures part

and Table S2, P1 range), resulting in a final P1 range that pre-

cisely quantifies electricity usage for each ISO class, indepen-

dently of the energy required for temperature control.

Energy demand per climate zone (P2)
To assess the influence of cleanroom location on energy require-

ments, we analyzed the energy needed to maintain specific tem-

peratures, denoted as parameter P2. Our findings showed that

on average, heating degree days (HDDs) exceeded cooling
ability 1, 100219, September 27, 2024 3
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Figure 2. Annual heating and cooling degree days information
Annual heating and cooling degree days derived from spatial climate data

(A) and energy demand needed to maintain a controlled temperature (B). In (A),

the annual heating and cooling degree days (HDD and CDD, respectively, in
�C) are shown. Their corresponding energy demand Qtotal is visualized in (B).

Both graphics are based on climate data for the time period 2021–2040 (see

Table S3).
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degree days (CDDs). A trend (see Figure 2A) was attributable

to the threshold temperatures selected for HDDs and CDDs

calculation, which was aligned with a global average tempera-

ture notably lower than the 18�C threshold. We calculated the

total energy consumption for heating and cooling, Qtotal, by

applying HDD and CDD energy demand correlations shown in

Figure 2B.46 Both Figures 2A and 2B were based on climate

data for the time period 2021–2040 (see Table S3 for spatiotem-

poral data sources and parameters for future scenarios).

The Köppen-Geiger climate zones (A–E level) and their

global percentage share are represented in Figure 3A to high-

light the distribution of different climate types. The total en-

ergy consumption, Qtotal, for each climate zone (A–D) varies

significantly, as detailed in Table S4 and depicted in Figure 3B.

Figure 3C illustrates the proportion of the area of each climate

zone relative to the total terrestrial surface in terms of

providing insight into the global distribution of these climates.

An analysis presented in Figure 3D indicates the contribution

of heating and cooling to the total energy demand across

these zones. In tropical (zone A) and arid (zone B) climates,

the average energy demands are similar, yet air conditioning

is predominantly required in the former, whereas heating

might also be mandatory throughout the year in the latter. In

temperate climates, there are generally fewer HDDs and

CDDs, and the energy consumption for heating and cooling

tends to be more balanced. Figure S1 further breaks down

these aggregated climate zones by country along with the

corresponding Qtotal for each country to provide a comprehen-

sive view of the geographical variation in energy demands for
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cleanrooms. However, polar zones (zone E) cover 37% of

all lands and are characterized primarily by mountains,

Greenland, and Antarctica, and these remote areas are gener-

ally unsuitable and unrealistic for cleanroom locations. Conse-

quently, these zones were excluded from further depiction in

our maps and statistical graphs.

Impact, threshold, and morphospace reduction
(including technical efficiency increase, P3)
Utilizing our model to assess the energy consumption potential

of cleanrooms with specific ISO standards in various regions,

we conducted an illustrative scenario impact screening for

ISO 5 cleanrooms, anticipating a 25% efficiency increase by

2030 at the regional level. The scenario revealed a range of

climate change impact values from 0.0231 to 0.1644 kg CO2-

eq based on the Intergovernmental Panel on Climate Change

(IPCC, global warming potential [GWP] 100a) midpoint method,

as shown in the aggregation by country in Figure 4A, where

scarlet indicates higher values. Additionally, we presented the

impact as a year-by-year matrix from 2020 to 2060, which

focused on the regional electricity mix of Western and Central

Europe, as shown in Figure 4B. This figure highlights the im-

pacts of climate change with different color scales used in

each panel for value representation. Notably, most of Western

Europe falls between 0.068 and 0.070 kg CO2-eq, while several

areas in Central Europe exceed this threshold, as indicated by

the gray regions that mark values beyond our set threshold of

0.070 kg CO2-eq.

If a decision-maker wished to use a screening criterion to

rapidly remove unsustainable options, they could use these re-

sults to focus on specific areas to determine whether, for

example, semiconductor manufacturing facilities in Europe

would be appropriate in terms of sustainability. As an illustration,

an impact threshold of 0.098 kg CO2-eq (75th percentile of all

scenarios in Figure 4D) was used in Figure 4C; the white area

shows that the region was over the threshold and, therefore,

was filtered out. Figure 4D shows the impact indicator distribu-

tion for all national data (dark gray) and ISO 5 (light gray), as

well as the applicable thresholds (0.070–0.098 kg CO2-eq, red

dashed line).

The results indicate that the kg CO2-eq (greenhouse gas

[GHG]) emissions levels in the ISO 5, 2030, 25% scenario for

Western and Central Europe are below the established environ-

mental thresholds. Moreover, due to the emissions being signif-

icantly lower in Western Europe, it presents a more favorable

location for establishing cleanrooms compared with Central

Europe. If long-term development (from 2035 to 2060) and ad-

vancements in energy technology efficiency (from 25% to

50%) are considered, more and more countries and regions

will likely be suitable for cleanrooms with the same criteria and

standards. Of course, the users may also employ all the sce-

narios outlined in this study to assess whether developing a

cleanroom in a specific country or region is sufficiently sustain-

able based on the analysis presented above. The full results of

the scenarios from this research are available as shape files

and Excel files in aggregated form per country and Integrated

Model to Assess the Global Environment (IMAGE) region in the

supplemental information.



Figure 3. Energy demand per climate zone

(A) In (A), the Köppen-Geiger climate groups A–E

without precipitation and heat levels are pre-

sented (historical data from Beck et al.,47

Antarctica and Greenland are not shown). The

distribution of the energy demand for heating and

cooling per climate zone is depicted in (B). The total

number of spatial data used are indicated numbers

above the boxplots.

(B) (B) presents the average energy demand per

climate zone (see also Table S4).

(C and D) In (C), the ratios of each climate zone to

the entire terrestrial surface are shown, and in (D),

their CDD and HDD shares are indicated. Climate

zone E is not appropriate for establishing clean-

rooms and thus has not been displayed. Climate

data for the period 2021–2040 (Table S3) was used

for the statistical analysis.
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Impact correlation and parameter trade-offs (including
future electricity mix, P4)
Through an examination of correlations between various param-

eters and results, we identified a significant trend in total energy

consumption, Qtotal, and its relation to the impact of 1 kWh of

electricity consumption. The Pearson correlation coefficient

(interval [�1,1]) for 2030 (P4) indicated a strong linkage between

cleanroom indicator results across ISO 1 to ISO 9 (P1), climatic

zone Qtotal for each region (P2), and the impact of 1 kWh of elec-

tricity (medium voltage). A value closer to one in the correlation

coefficient suggested a stronger linear correlation, whereas a

value of �1 indicated an inverse correlation. This correlation

was especially pronounced in higher ISO classes (ISO 1–5)

where a higher cleanliness standard necessitates increased

electricity usage, as shown in the data from the red rectangle

in Figure 5A, which illustrated the impact of electricity usage

and Qtotal versus ISO classes. By contrast, the correlation was

not as strong in lower ISO classes (ISO 6–9), where the relation-
Cell Reports Sustain
ship between electricity usage and ISO

class began to decrease (ISO 8: 0.72,

ISO 9: 0.54), while Qtotal continued to

rise, suggesting a larger impact of loca-

tion-related factors, as supported by Fig-

ure 5B. To further clarify the relationship,

Figure 5C depicts the percentage contri-

butions of P1 and P2 to the overall impact

against ISO classes. The heterogeneity in

Figure 5C is attributable to the location of

the cleanroom. It is possible that for

more stringent ISO classes (such as ISO

1–5), the influence of P1 exceeds that of

P2 in terms of percentage, as higher-class

cleanrooms requiremore electricity for ac-

tivities such as more frequent air change

rates, resulting in a significantly higher

percentage of electricity use than Qtotal

due to location and climatic zone. On the

other hand, because electricity for opera-

tions in lower-rated ISOs is less expensive
than in higher ones, an influence of P2 on the overall energy con-

sumption begins to appear and its proportion begins to climb;

Figure 5C illustrates this trend for ISO 6–9 in Qtotal. At ISO 8,

P1 and P2 both contribute approximately equally. As a result,

there was no discernible correlation between climate zone and

impact for ISO 1–5. Hence, we conclude that for cleanrooms

with lower ISO classes, particularly ISO 6–9, geographic location

or climate zone should be considered because the related

Qtotal would account for a greater proportion of total energy

consumed.

Scenario studies of the influence of climatic zones on
deciding on the installation of cleanroom facility
In reality, for practical purposes, several types of cleanrooms are

utilized simultaneously in industrial applications. For example,

semiconductor fabrication plants (commonly called ‘‘fabs’’)

often employ a nested, modestly sized yet higher-class clean-

room inside a more massive but lower-class one to produce
ability 1, 100219, September 27, 2024 5



Figure 4. Example results of scenario impact screening for cleanrooms with ISO 5 and a 25% efficiency increase in 2030

(A) Indicator results (in kg CO2-eq) of the impact category climate change using the midpoint method of the Intergovernmental Panel on Climate Change (IPCC,

GWP 100a), aggregated by country.

(B) The same results were obtained for Europe (Western European Union [WEU] + CEU), which had a higher resolution and a threshold of 0.07 kg CO2-eq (gray

areas are beyond the threshold).

(C) An impact threshold of 0.098 kg CO2-eq (75th percentile of all scenarios) was applied. White fields above the threshold have been filtered out.

(D) The impact indicator distribution of all (gray) data on the country level and for ISO 5 (light gray), with the thresholds indicated (red dashed lines).
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wafers for chips. Previous studies showed that almost 40.4% of

the total energy in a fab was consumed by process tools such as

etching, film deposition, photolithography, and thermal diffusion/

doping instrumentation, whereas the facility system accounted

for 56.6% of the power.48 Another study suggested that

30%–65% of the energy used in a high-tech fab was from the

air-conditioning systems.49 Because of the high construction,

equipment expenses, and operating costs, large-scale use of

high-quality cleanrooms may not always be financially possible
6 Cell Reports Sustainability 1, 100219, September 27, 2024
or even necessary. In a fab, for example, a high-class (ISO 1–4)

cleanroom, which may only be tens or hundreds of square me-

ters in size, is often necessary for performing crucial process

steps such as lithography and basic semiconductor processing

areas. Other less significant phases, such as multi-layer pro-

cessing and semiconductor wire-bonding and packaging ser-

vice, could be conducted in a somewhat lower-standard clean-

room, such as ISO 5 or ISO 6, or a general service area in an ISO

8 cleanroom that may be hundreds or thousands of square



C

A B

Figure 5. Correlation matrix and P1 and P2 as impact drivers

(A) For the year 2030 (P4), the Pearson correlation coefficient was calculated and is shown in (A).

(B and C) In (B), the correlation coefficient for the impact of electricity and energy demand for heating and cooling has been plotted against the ISO classes. The

percentage contributions of P1 and P2 to the overall impact against ISO classes are shown in (C).
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meters in size.50 Therefore, the nesting of cleanrooms to varying

degrees could drastically reduce total energy demand.

Scenario one

In this scenario, we simulated only a small portion of the produc-

tion capacity to get a glimpse into the energy consumption of

cleanrooms in a wafer fab. Let us consider, for illustration, that

their reference year for the assessment is 2040 and that 25%

of improvement takes place in the efficiency of the facilities

in temperate zone. This scenario can be applied to describe

the influence of climatic zones on electricity usage and Qtotal

more intuitively. In amedium-sized high-end chip-manufacturing

plant, for example, a 50 m2 high-class ISO 2 cleanroom was

nested in a 550 m2 ISO 4 one and then in a 1,400 m2 ISO 5 space

while they were designed to complete daily chip production in a

13,000 m2 ISO 8 cleanroom, and the total area of the cleanroom

is around 1/10 of fab 18 (160,000 m2 cleanroom) of TSMC (the

global leading semiconductor foundry). Based on the electricity

usage of various ISO class cleanrooms presented in Table S1,

the hourly electricity usage of each cleanroom and its share of

overall electricity usage can be determined, as illustrated in

Figure 6A.

From the results, we can find that the ISO 5 room accounts for

54% of overall electricity use. Based on the data in Table S2, the

total energy requirement for such cleanrooms in various climate

zones can be estimated. It was assumed that the total ISO elec-

tricity usage is the same in each climatic zone, whereas there

was a significant variance for Qtotal. The hourly Qtotal needed

for the cleanroom in that climate zone may be approximated

given the known total area of the cleanroom. Figure 6B illustrates

the percentage contribution of Qtotal to the total energy con-
sumption in various climate zones. It can be observed that in

zone D (cold), not only was the total energy spent the largest,

but Qtotal also accounted for up to 45% of the total energy

consumed. By contrast, zone C (temperate) has the lowest over-

all energy consumption, and its Qtotal share was 23.4%, which

could generate an energy savings of 22% compared with the

cold zone. The Qtotal proportioned in zone A (tropical) and zone

B (arid) are 25.5% and 27.7%, respectively. Although the Qtotal

percentage difference between zone A (tropical), zone B (arid),

and zone C (temperate) was not high in hours, this proportional

discrepancy would result in a considerable disparity when calcu-

lating total yearly energy consumption, particularly if the clean-

room air exchange should continue during non-working hours.

In this regard, it can be concluded that when employing lower-

class cleanrooms in practical applications, the climate zone in

which the cleanrooms were located could significantly influence

the overall energy consumption owing to the large areas.

Scenario two

The second scenario was to validate our results about the

IMAGEmodel obtained in different regions in theworld (Figure S1

and repository file ISOall_pivot_region.xlsx). By applying the

above cleanroom standards and scales to the IMAGEmodel-IM-

AGE_rfix 20 China (CHN), we can determine the equivalent CO2

emissions for ISO 2, ISO 4, ISO 5, and ISO 8 cleanrooms in 2020.

It was calculated that such cleanrooms located in the Taiwan re-

gion (CHN) would have an annual CO2 emission (equivalent) of

5,352.01 tons. Meanwhile, we could obtain the equivalent CO2

emissions by summing the electricity consumption of the

ISO cleanrooms and the Qtotal and then converting total elec-

tricity consumption into CO2-eq by applying Taiwan’s 2020
Cell Reports Sustainability 1, 100219, September 27, 2024 7
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Figure 6. In a high-end chip-manufacturing plant scenario, there is a 50 m2 high-class ISO 2 cleanroom nested within a 550 m2 ISO 5 and

1,400 m2 ISO 5 cleanroom, and they are implemented in a 13,000 m2 ISO 8 cleanroom

(A) Hourly electricity usage of each ISO cleanroom and its portion of overall electricity usage.

(B) Percentage of Qtotal relative to total energy consumption in different climate zones.

(C) Projected 2025 Cleanroom CO2 emission using our model located in China (CHN), WEU, United States of America (USA), and Oceania (OCE).

(D and E) (D) A distribution map of TSMC wafer fabs in Taiwan on the left, including six located in the temperate zones of Hsinchu, Taichung, Taoyuan, and

Zhu’nan, with the scale of each fabmarked; and (E) the impact of climate zones on the Qtotal of fab 18 and the effect of climate zones on the Qtotal of all GIGAFAB�
facilities, as well as their characterized CO2 emission in tons.
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electricity mix. According to the energy mix data, oil and petro-

leum products at 36.93% (730 g CO2/kWh), coal at 33.06%

(900 g CO2/kWh), natural gas at 21.12% (400 g CO2/kWh), and

nuclear, solar, hydro, wind, and other renewable energies at a to-

tal of 8.88% (negligible CO2 emissions).51 The calculated char-

acterized carbon emissions (tons CO2-eq) amounted to

5,872.62 tons. This figure was close to the former calculation

and thus corroborates the reliability of our research. Further-
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more, projecting our study to 2025 and comparing the carbon

emissions of cleanrooms of the same scale located in CHN,

WEU, United States of America (USA), and Oceania (OCE), we

found that the emissions numbers (tons CO2-eq) were

5,405.37 tons, 2,117.49 tons, 3,151.23 tons, and 3,630.63

tons, respectively, as can be seen in Figure 6C. Our research

can be further refined by considering that Taiwan spans both

temperate and tropical zones, and more detailed studies in this
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regard can lead to additional discoveries, thereby validating our

research on the Qtotal influenced by climatic zones.

Scenario three

Based on the 2022 annual report published by TSMC, the com-

pany had a value share of roughly 30% in worldwide semicon-

ductor manufacturing throughout the year 2022.52 Both in the

first and second quarter of the year with over 50% market share

of the global pure-play foundry market. During that particular

year, TSMC and its subsidiaries successfully manufactured

and processed a cumulative quantity of 15.3 million 12-inch

equivalent wafers, which was a notable growth of 9% compared

with the 14.2 million wafers processed in the preceding year

of 2021.52 Meanwhile, according to the data provided by the

Energy Administration, Ministry of Economic Affairs of Taiwan,

and TSMC’s sustainability report, TSMC’s electricity usage in

the year 2022 amounted to about 8% of the total annual elec-

tricity consumption in Taiwan in 2022 and 14.3% of the whole in-

dustrial sector, and this number is almost half of the amount of

the residential sector.52,53 The main facilities as shown in Fig-

ure 6D, include four GIGAFAB� fabs (>100,000 pieces/month

capacity for 300 mm [1200] wafers) with 12-inch wafers (fab 12,

14, 15,18), four fabs with 8-inch wafers (fab 3, 5 6, 8), and one

fab with 6-inch wafers (fab 6) in Taiwan and other three overseas

fabs (not shown).52 As can be seen in Figure 6D, 8 fabs are

located in the temperate zone (Hsinchu, Taichung, Taoyuan,

and Zhu’nan) and 3 in Tainan.

Currently, TSMC’s fab 18 is located in Tainan (a tropical zone

[zone A]), with 160,000 m2 of cleanrooms. According to our

findings and calculation, the extra annual electricity consump-

tion would be around 1.82 million kWh (1,187 tons of CO2-eq,

based on Taiwan’s 2022 electricity mix) compared with that

built in the temperate zone, as indicated in Figure 6E. Addition-

ally, in Tainan, the cleanrooms of 8-inch fabs: fab 6 and

advanced backend fab 2 were also affected by the climate

zone. TSMC is planning to build a 2 nm wafer fab in Kaohsiung,

which may lead to additional bulk electricity usage due to

climate zone influences, but the extra power consumption

cannot be estimated yet as the construction scale is currently

unknown. Moreover, if we assume that a wafer fab similar to

the TSMC fab 18 scale has its cleanrooms located in Arizona,

USA (as TSMC is currently constructing new wafer fabs, known

as the fab 21, in Arizona). Given Arizona’s arid climate classifi-

cation, the impact onQtotal would increase by 4.5%, resulting in

an additional annual electricity consumption of 3.78million kWh

compared with that built in the temperate zone. However, the

number for running it in a cold area will be 24.9 million kWh of

extra electricity annually due to climate. If we further project

that all the TSMC’s GIGAFAB� scaled wafer fabs in 2022

were located in climate zones A, B, and D, respectively, the cor-

responding additional annual electricity consumption due to

climate zones would be 4 (zone A), 8.3 (zone B), and 54.7

(zone D) million kWh, respectively, as demonstrated in Fig-

ure 6E. Correspondingly, the extra equivalent CO2 emission

would be 2,600, 5,400, and 35,600 tons, respectively. From

the above studies, our research confirms that the choice of

climate zone is significant when selecting a location for a wafer

fab, considering extra energy consumption as well as carbon

emissions due to climate zones.
Future cleanroom scenario carbon emission calculator
Based on the results of this study, we developed a future clean-

room scenario carbon emission calculator to assist users and

decision-makers in estimating future scenario carbon emissions

for cleanrooms in various climate zones. This calculator incorpo-

rates the four key parameters from this research, allowing the

calculation of total emissions for different cleanroom levels.

Users can input information for multiple countries or regions,

including nested cleanrooms in different future scenarios. After

entering the information, the calculator displays the results on

a world map and generates a CSV file with total carbon emis-

sions and nested cleanroom emissions for each country. The

software is available in the data and code availability part.

DISCUSSION

To assess the environmental sustainability of cleanrooms under

changing climate and energy scenarios, this study applied ex-

ante LCA with specific alterations combined with the general

morphology analysis (GMA) approach so that it is convenient

to parameterize the intricate problem of cleanroom energy con-

sumption and evaluate it in conjunction with a climate change

model. Four parameters were identified: electricity per ISO stan-

dard (P1), electricity per climate zone (P2), technology efficiency

increase (P3), and future electricity mix (P4). Based on these

defined parameters, there were nine different ISO standards

for cleanrooms, three different technical efficiency options,

nine future electricity mixes, and 529,539 spatial geo-data

points, which could be averaged, for example, per country

(204 countries). This combination led to over 68 trillion different

impact indicator results or 49,572 results at the country level,

and 243 impact indicator maps were generated using our

approach. To screen complex cleanroom scenarios and deter-

mine their environmental impacts, we modeled future scenarios,

spatial-temporal data, climate, and electricity mixes. Further-

more, we concentrated on locating important characteristics

and exploring and screening a sizable scenario space.

As for energy demand per climate zone (P2), according to

Isaac and van Vuuren,54 there has been a 70% increase in the

demand for cooling energy, particularly in developing countries,

since the beginning of the twenty-first century; this effect may be

attributed to increased prosperity in those countries as well as to

global climate change. By contrast, these authors also discov-

ered that the global demand for heating energy has decreased

by approximately 30%. This observation may imply that tropical

and arid regions may require more energy for cooling whereas

areas with low temperatures may require less energy for heating

overall; however, there was no discernible trend in Qtotal and

Köppen-Geiger classification except in zone E (polar areas; Fig-

ure 3A, yellow), which is not primarily appropriate for cleanroom

locations and thus not discussed in this study. Temperate loca-

tions require the lowest value of Qtotal, 0.0106 ± 0.0040 kWh/m2,

as shown in Figure 3B and Table S4, making the cleanrooms in

this zone the most energy efficient. Building a cleanroom in the

cold zone, on the other hand, is the least favorable in terms of en-

ergy consumption, because it requires the highest overall energy

consumption Qtotal, 0.0284 ± 0.0081 kWh/m2. When comparing

higher-class cleanrooms, such as ISO 5 to ISO 1, the impact of
Cell Reports Sustainability 1, 100219, September 27, 2024 9
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P2 Qtotal is only approximately 3%–10% of P1 ISO class elec-

tricity use (with ISO class electricity use ranging from 0.2691 to

0.3625 kWh/m2, according to Table S2). As a result, when con-

structing predominantly high-ISO class cleanrooms, the clean-

room’s location does not seem to make a major impact.

Inaddition, radiative forcing targetsprimarily affect temperature,

making bringing the representative concentration pathway (RCP)

component to an equivalent scenario even more important.

When the global mean temperature (IMAGE model) of various

shared socioeconomic pathway (SSP)-RCP combinations were

compared, the SSP3–7.0 (climate data) and SSP2–6.0 (energy

data) behaved almost equally until 2060 (data not shown). How-

ever, local variations might arise and introduce uncertainty into

the overall approach. Nevertheless, the combination of SSP3–

7.0 for the climate data and SSP2–6.0 for the LCI energy data

seemed to provide the best fit and, therefore, was used in this

study. Both RCP6.0 and RCP7.0 represent scenarios in which no

or very little further effort has been made to constrain emissions,

making a global temperature increase above 3�C very likely.55,56

Limitations and outlook
In this research, we showed that the location of cleanrooms is

important under certain technological and climatic conditions,

particularly when using cleanrooms with very large areas as

demonstrated by our example, in which approximately 22% of

energy could be saved if the location of cleanrooms is to be

selected appropriately. We have further validated our findings

using the Qtotal of TSMC fabs cleanrooms as an example to

emphasize the importance of selecting climate zone installation

locations. In addition to cleanrooms, users of other energy-inten-

sive systems that may be affected by location as well as current

and future climatic conditions could apply the method devel-

oped in this study to generate scenarios and energy consump-

tion estimates. Regarding climate change in other cases, readers

may also refer to Figure S1.

Some limitations and potential modifications exist regarding

future work. For example, one of the uncertainties that this study

did not address is electricity consumption by other equipment in

cleanrooms of higher ISO classes. Heating, ventilation, and air-

conditioning (HVAC) systems are a significant source of energy

consumption in high-tech fabrication facilities, comprising

30%–65% of the total energy use. The uncertainty in HVAC end-

form and control methods can indeed influence the results.28,57,58

For example,certainHVACsystems insemiconductorcleanrooms

maintainprecisehumidityat such low levels thatextra instruments,

such as air ionizers, are necessary to defend against electrostatic

discharge and avoid damage to the circuit designs.58 In addition,

cleanroom operation processes also generate additional loads.

In future studies, decomposing the heating and cooling energy

consumption, such as internal load, load through the envelope,

and load through ventilation, could help better understand the

direct impact of climate conditions on these loads.27,59

Furthermore, integrating proper air distribution strategies,

effective filtration, and accommodating user-induced distur-

bances are also crucial for optimizing cleanroom energy con-

sumption and operational efficiency.8,25,26 For example, consid-

ering occupant movements and other disturbances is essential,

as human interactions can introduce turbulence, influence parti-
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cle dispersion, and disrupt airflow patterns, decreasing the effi-

ciency of contamination control measures.25 These factors

should be included in future research.

Material flows have also been omitted thus far but may include

materials from construction, filter maintenance, and other sour-

ces. Despite the generic cleanrooms covered in this study,

different types of cleanrooms with varying needs from various

industrial domains, such as biological laboratories, good

manufacturing practice (GMP) cleanrooms for pharmaceuticals,

and cleanrooms for fabs, among others, may be studied in more

depth; the abovementioned contents are often related to P1.

Thus, the morphospace, or technical parameter space (gray

boxes in Figure 7), may also be refined and modeled if neces-

sary. For example, the total make-up air unit (MAU) and the recir-

culation air unit (RC) consist of different coils, including a mixing

section and different fan units of the air handling unit (AHU, Fig-

ure 8). As the MAU pre-processes the air from outside the clean-

room, the RC and AHU condition the recirculated air.60 This sys-

tem can also be precisely modeled to investigate the energy

contribution of each subunit under various conditions.45,60 In

addition, other studies have found that the design and control

of cleanroom air-conditioning systems can reduce the heating

and cooling energy demand by 87.8% and 69.6%, respec-

tively.61 Thus, other HVAC devices, such as MAU + AHU +

high-efficiency particulate absorbing filter (HEPA) or MAU + dry

cooling coil (DCC) + fan filter unit (FFU) systems, could also be

studied to modify the parameters in this work.

Although almost identical results until 2060 were derived using

SSP3–7.0 (climate data) and SSP2–6.0 (energy data) for the

global mean temperature (IMAGE model), the mismatch of

climate data for tier 1 SSP-RCP combinations with LCA inven-

tory data for future electricity mixes for other SSP-RCP combina-

tions could pose uncertainties and challenges to more precise

analysis of these characteristics. Therefore, the resolution of

this issue could assist in reducing the uncertainty of scenarios.

Moreover, this research only applied the one-letter level of

climate zones, whereas it could be further modified if sub-zones

were to be considered.62 Other factors, as listed in Figure 8, can

also be studied, such as local air quality. Given that outside air is

employed in the air intake procedure during the air circulation

step, excessive particulate matter requires additional energy to

treat, in addition to the relatively high necessity for air filtration

devices. Thus, air pollution or the quality of the air in cleanroom

sites is a concern that may need to be addressed in future

research. However, due to the complexity of the LCI parameter

solutions space (P1–P4), only a few AHU characteristics were

considered in this work. Suggested future work might include is-

sues such as adaptation to air pollution or gaseous chemical

contaminants and other LCI problems or integration into sce-

nario development. Moreover, future studies regarding elec-

tricity mixes in cleanroom operations should consider integrating

renewable energy sources to reduce carbon emissions.
EXPERIMENTAL PROCEDURES

LCA and sustainability profile of cleanrooms

LCA is the most advanced method available to identify the environmental bur-

dens of a product system and to guide policymakers and proactive companies



Figure 7. Cleanroom future scenario energy consumption calculator

(A) User interface.

(B) Multiple entry of country and nested cleanroom.

(C) Results display on a world map with a list.

(D) Automatically generated CSV file to record the entered information.

Article
ll

OPEN ACCESS
to make well-informed sustainability decisions.30,63,64 The fundamental drive

toward sustainable technology production and their frequent reliance on

cleanrooms make LCA an optimal tool for assessing the environmental impact

of these facilities.34,65 The use of cleanrooms is not new, and some LCA

studies have incorporated their usage; however, the available LCI data for

this service of a clean space usually is outdated, scarce, and very inconsistent

depending on many factors. This is due to several influencing factors. Primar-

ily, thanks to technological advancements in the rapid expansion of micro-

nanofabrication technology, cleanrooms evolved remarkably in design and

operation, rendering older data obsolete.66 Moreover, variations in operational

protocols, equipment types, and maintenance practices across different facil-

ities contribute to inconsistencies in the data.67 Additionally, geographic and

climatic differences also play a role in the variability of energy use and material

requirements.27 For this study, we collected LCI data from the ecoinvent data-

base68 regarding the electricity information of different countries or regions

and relevant literature on GHG emissions for relevant processes in the clean-

room value chain and characterized their impacts on climate change using the

characterization factor of GWP.43–45 Here, we followed the recommended

methodology of the IPCC (GWP 100a: weighted sum of the amount of GHGs

emitted by the system in kg CO2-eq).
55,56 We performed all calculations using

LCA Activity Browser software.69

GMA

To overcome some of the challenges of standard LCA approaches and model

a complex cleanroom system, we combined LCAwith GMA.70 GMA allows the

investigation of the totality of relationships present in multi-dimensional com-

plex systems, including those with non-quantifiable characteristics.70 In this

context, a parameter is one of a set of factors that defines a system and deter-
mines its behavior and must not be part of a mathematical function per se.71

Relevant parameters are connected in a normative, logical, causal, and statis-

tical fashion in GMA. The fundamental framework of a GMA model is, there-

fore, internally connected by its parameters, resulting in an n-dimensional con-

ceptual space known as a morphospace.71 Each parameter head or variable

(e.g., cleanroom-dependent products) usually consists of several parameters

or value ranges (e.g., pharmaceutical products, integrated circuits, semicon-

ductors, or solar panels). After defining all relevant parameters with their

ranges, GMA proposes a cross-consistency assessment (CCA) to narrow

the total set of possible configurations in the morphospace and finally develop

and assess the possible resulting scenarios.72

Based on its broad applicability, GMA has been employed in several

research fields and has even been applied in political decision-making.73–75

In LCA, it has been applied, among other approaches, to define future sce-

narios or to address non-quantifiable uncertainties.55,56 While future scenarios

have often staked out the extremes of a solution space (e.g., worst case, best

case, and black swan events), our study has accounted for a vast number of

other situations and scenarios. Such an extensive exploration of scenarios al-

lows for assessing cleanrooms per their requirements (specific locations,

cleanroom ISO standards, etc.) and evaluating potential trade-offs among pa-

rameters and whether certain regions would constitute more sustainable

future cleanroom locations.

Identification of relevant parameters to model cleanrooms

Estimating how much energy a cleanroom consumes is challenging, as the

overall energy consumption required to maintain a specific ISO standard de-

pends on several parameters (e.g., the technical equipment used or the num-

ber of people concurrently working in the facility). Xu and Tschudi43 examined
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the energy performance of 13 cleanrooms with different recirculation systems.

Five of them fell into the category of ISO class 4, seven into category 5, and one

into class 5/6. Williams et al.44 provided experimental energy and air exchange

rate data for ISO 3, ISO 4, and ISO 5, and Ludlage et al.45 provided data for one

experimental value for ISO 7. Based on the works mentioned above, we

extrapolated the energy demand for the remaining ISO classes by following

the cleanroom recommendations of IEST-RP-CC012.142 for air changes per

hour and airflow rates.

We focused on the operation of cleanrooms and set the system boundary of

our study to include the energy to power the cleanrooms, the specific ISO stan-

dards defining the cleanroom setup, and the use of cleanrooms, as shown in

the dashed box on the bottom right in Figure 8. In relation to the operation

of cleanrooms, we assessed four key influencing factors (Figure 8, red ovals):

(1) The cleanroom classification required (and currently in use).

(2) The energy density of the cleanroom configuration (kWh/m2).

(3) An extrapolation of the equipment needed (i.e., the area that is occu-

pied to produce the device or the production area in m2; here, the de-

vices can also be technical devices or others such as chips, etc.).

(4) The throughput (by devices per hour).

We translated the factors above into modeling constructs and linked them in

software to LCI data, as follows (see also Figure 8). To this end, we identified

and categorized cleanrooms using technological, economic, and environ-

mental parameter spaces (Figure 8, gray, orange, and green boxes, respec-

tively) in line with the GMA approach previously described. In this context,

technological parameters consider all the factors varying with the ISO stan-
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dards that are applied for each cleanroom class and their energy demand in

use. These factors and standards determine the mode of operation of clean-

rooms and the related technical specifications (e.g., the ability to control par-

ticles with different sizes).15 All such factors were determined in our later cal-

culations of the electricity per ISO standard, P1 (Figure 8, P1). Furthermore, we

considered how the local climatic conditions of operation can influence the

performance of cleanrooms. In turn, the location affects the amount of energy

needed to reach a certain level of air purity. Such considerations were included

in the models as electricity per climate zone, P2 (Figure 8, P2), Here, we

modeled the energy demand for ensuring a constant temperature (energy

for cooling and heating) of cleanrooms in specific climate zones, considering

the electricity mix for each location across the extent of the Earth.

Moreover, we considered an incremental improvement over time in the effi-

ciency of cleanroom technology and its management, and we translated

such an increase using the technical efficiency increase, P3 (Figure 8, P3). In

our models, we also quantified the influence of the evolution of the energy sys-

tem over time and implemented that using the factor future electricity mix, P4

(Figure 8 P4).

For all the subsequent calculations and scenarios, we defined the functional

unit (FU in Figure 8) as the energy needed to operate 1m2 of a cleanroom under

ISO standard A (P1, range 1–9) installed in region B (P2, region of choice) with

C efficiency increment (P3, 0%–50%) in the time period D (P4, range 2020–

2060) to produce one technical device per hour. The FU is the basis of all

comparative assessments in LCA.30 For the example in Figure 8 (in red), this

FUwould be defined as the energy needed to operate 1m2 of cleanroom under

ISO standard 5 conditions in Singapore in 2030 to produce one technical de-

vice per hour.



Figure 9. Characterization of the cleanroom

(A) Schematic drawing of individual components that can affect the conditions

of the air handling unit of cleanrooms.60

(B) Illustration of the total electricity usage of a cleanroom as modeled in this

study, using Singapore as an example.
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Figure 9A depicts the AHU, which is the key working unit for treating

incoming air. The AHU includes the two most important units, which are the

MAU and the RC, as well as their key components. In this research, changes

in the surrounding temperature were considered in P3 (part of the MAU), and

the electricity usage to ensure a certain ISO standard was considered in P1

(mainly associated with the RC unit). The findings of Ludlage et al.45 in reducing

the air exchange rate of the cleanroom outside operating hours were inte-

grated into P3 as a potential improvement in efficiency. Of course, other stra-

tegies (such as airflow optimization, solar pre-heating, heat recovery system,

improved lighting controls,28,76 etc.) may be used to obtain higher efficiencies,

but the findings of Ludlage et al.45 indicated that there is room for improvement

in terms of reducing the energy requirements of cleanrooms. Based on this

publication, three efficiency states for P3 were chosen: 0% (status quo),

25% (medium optimization), and 50% (high optimization). Figure 9B shows

how the parameters work using Singapore as an example. The total energy

consumption is a sum of the ISO electricity usage and energy consumption

due to the climate zone. The efficiency increase was applied to the ISO elec-
tricity usage part. Furthermore, it is to be noted that material flows were negli-

gible in this study when compared with the major contributor, which was

energy.

Definition of scenarios and connection to LCI data

To assess the climate change impacts of cleanroom scenarios, we developed

a computational pipeline that maps cleanroom characteristics to various solu-

tion spaces and connects them to LCI data in the supplemental information.

We identified four key LCI-linked parameters—P1 (electricity per ISO stan-

dard), P2 (electricity per climate zone and country), P3 (technical efficiency

increase), and P4 (future electricity mix)—and assessed their permutations

to determine the environmental impacts of each scenario (see Figure 10 for

a section of the scenario space). We estimated the electricity consumption

of cleanrooms in different countries by multiplying the parameters P1 to

P4. The total electricity consumption includes ISO electricity usage and cli-

matic zone electricity consumption, both of which are influenced by technol-

ogy efficiency increases. For each scenario S, a corresponding impact score

(IS) was calculated. Based on the four LCI-linked parameters, we evaluated

50,000 scenarios of cleanroom operations and quantified their climate

change impacts. This resulted in 68 trillion IS, representing the climate

change impacts of cleanrooms potentially located on any 5-km2 spatial cell

within the entire extent of the Earth.56,77,78 Using Singapore as an example,

we estimated that an ISO 5 cleanroom with a 25% efficiency improvement

in 2030 would consume 0.214 kWh/m2 of electricity, as demonstrated in Fig-

ure 9B. Moreover, to make the results more useful and accessible, we devel-

oped a cleanroom energy consumption calculator for future scenarios based

on these results. The software can be found from the link in the data and code

availability part.

Future scenarios for spatial and temporal climate data and

electricity mixes

We used SSPs79 to address the future evolution of cleanrooms in consistent

scenarios. SSPs define five possible pathways (SSP1–5) as global consensus

scenarios regarding how global society, demographics, and economics may

evolve over the next century.79 SSPs map the future socioeconomic depen-

dencies of the world’s RCPs that are focused solely on climate futures that

depend on the amount of GHGs emitted.80 The IPCC produced the fifth

assessment report (AR5)55 in 2014 by integrating the SSPs into a combined

SSP-RCP framework (AR6, IPCC).56 O’Neil et al.81 mapped all conceivable

combinations in their coupled model intercomparison project (CMIP6), re-

flected on their prioritization, and eventually proposed two tiers. Tier 1 serves

as the basis for climate model projections with the following SSP-RCP combi-

nations: SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5; the latter number

represents the radiative forcing value (e.g., 2.6 W/m2) in 2100. The second

tier includes additional scenarios to address policy discussions of mitigation

pathways.81 In theory, 53 7 SSP-RCP combinations are possible. For an inter-

pretation of the SSP-RCP concepts and other parameters mentioned in this

subsection, please refer to the supplemental information section further expla-

nations part.

We used climate data available for the tier 1 SSP-RCP combination and

considered the most relevant combinations and LCI data available for future

electricity mixes. Spatiotemporal data were required to account for future

electricity mixes (P4) and the energy demand per climate zone (P2) in the

cleanroom scenarios. The data listed in Table S2 were used for parameters

P2 and P4. We retrieved the spatiotemporal climate data for the proposed

tier 1 climate model projections fromWorldClim,78 O’Neill et al.,81 and the sixth

assessment report (AR6) of the IPCC.56 We applied the lowest resolution, 10

arc min, to acquire global results in an adequate simulation time; however, it

would also be feasible to raise the resolution for certain regions if more detailed

investigations were to be required. For the SSP3–7.0 future scenario, the me-

dians of nine general circulation models (GCMs, WorldClim)78 were averaged

in our calculation for the time periods 2021–2040 and 2041–2060. For the his-

torical (1980–2016) and future (2071–2100) periods, the Köppen-Geiger

climate classification was employed for calculation as well, and this classifica-

tion is available for RCP8.5.47 For climate zone data, we used the main climate

zones according to the relevant climate classification. The background energy

data of the LCI database ecoinvent was updated via the superstructure
Cell Reports Sustainability 1, 100219, September 27, 2024 13



Figure 10. Mapping of possible scenarios

The LCImorphospace has four parameter ranges: electricity per ISO standard (P1), 9 scenarios; electricity per climate zone and on the country level here (P2), 204

scenarios; technical efficiency increase (P3), 3 scenarios; and future electricity mix (P4), 9 scenarios. The total number of possible scenarios on country resolution

is P1(9) 3 P2(204) 3 P3(3) 3 P4(9) = S (49,572). Each scenario (S) has a corresponding impact score (IS).
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approach and was linked to the IMAGE model.68,77,82–84 Future electricity

mixes are available for 26 regions (Figure S1 and SSP-RCP combination

SSP2–6.0, sometimes referred to as SSP2-base) in 5-year increments for

2020–2060.

Deriving energy demand per climate zone via HDD/CDD correlation

We used a common method of determining the energy demand for tempera-

ture control in a room, i.e., the evaluation of HDD and CDD.46 We derived heat-

ing and cooling days over time and with changing climate using the daily local

mean temperature, which can be calculated using the spatial-temporal climate

data mentioned above. The energy demand for maintaining a certain temper-

ature in a room correlates with the ambient (outdoor) temperature, expressible

in HDD and CDD. To convert the local HDDs and CDDs, the reference temper-

ature of 18�C was chosen. We estimated the heating and cooling energy de-

mands via the correlation proposed by De Rosa et al.46

Degree days (DDs) are defined as the sum of the positive differences be-

tween the reference temperature Tref and the daily average outdoor tempera-

ture T , which are usually accumulated per year and expressed in �C.85,86 For
the spatiotemporal outdoor temperature, the mean of the monthly average

minimum and maximum temperature Tmin=max was taken. To derive the

HDDs, the outdoor temperature is subtracted by the reference temperature

when T%Tref:

HDD = Tref � T

CDD = 0 (Equation 1)

Conversely, in the case of CDDs, the differences are calculated only when

T RTref:

CDD = T � Tref
14 Cell Reports Sustainability 1, 100219, September 27, 2024
HDD = 0 (Equation 2)

All final parameters for the life cycle impact assessment (LCIA) calculations,

screening method, simulation tools, and literature sources are summarized in

Table S5. The climate data were pre-processed in R, and we used the LCA Ac-

tivity Browser69 software to calculate the indicator results (in kg CO2-eq) of the

impact category climate change by using the midpoint method of the IPCC,

GWP 100a for each IMAGE region (1 kWh electricity, background unit process:

market group for electricity, high voltage) and considering a specific reference

year. The final cleanroom scenario combinations of P1–P4 were performed us-

ing Python.
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