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ABSTRACT: The theme of "The Impact of Engineering Practices on a Sustainable Built Environment’emphasises
the importance of considering various dimensions of resilient infrastructure. Selecting the location for a
Hyperscale Data Centre is a crucial process that involves assessing the impact of various location variables. To
determine the viability of a location, it is essential to identify the potential risks associated with each variable.
This paper presents a proprietary methodological approach that includes a Delphi study to identify risks, a Likert
scoring system to assess prior probabilities, and a Bayesian theory-based decision tree to assess the impact
through risk prediction. The paper's contributions are significant, and the proposed methodology makes it possible
to predict the risk level of each location variable by identifying the appropriate contingency percentage. The
study's findings indicate that the paper's proposed approach is an effective way to mitigate the risks associated
with selecting a location for a Hyperscale Data Centre. Embracing this knowledge allows us to align research
and practise with the conference’s call to studying the resilience of buildings and infrastructure to natural
disasters and climate change, and developing strategies for adaptation and mitigation, ensuring that these
practises become integral to shaping the future of Data Centres.
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1 BACKGROUND

Investments in Data Centres in the Nordic region have been on the rise, with significant contributions from cloud
and hyperscale investors such as Facebook, Google, AWS and Apple, due to advanced technological progress and
favourable cold climate conditions, significantly reduce the cooling energy demands of the facilities (Christensen
et al.,2018; Avgerinou et al., 2017). However, the location of Data Centres outside of the UK presents a significant
challenge for cost consultants during the capital cost estimation and modelling stages, which can impact
investment decisions. At the feasibility stage, cost planning involves determining the possible cost of a building
early in the design stage in relation to the employer's fundamental requirements before preparing a complete set
of working drawings or quantities bills (RICS, 2011) Historical cost data is often used as base cases for cost
consulting professionals, who adjust their costs to suit the circumstances of new projects. Although specific
characteristics such as shape, inflation, and specifications are relatively easy to adjust based on case-based
reasoning, predicting the impact of location is challenging for construction professionals, who rely on location
cost indices for this purpose. Various location cost indices, such as Spon's Architects and Builders Price Book
(AECOM, 2017) and the Building Cost Information Service (RICS, 2018) are available for cost consultants.
However, such indices are less relevant for Data Centres as there are often no precedents set to use as a baseline
for cost comparisons, and there are many variables ranging from macroeconomic, construction methodology,
geographical, and geological categories. For example, regulations for noise attenuation for hyper-size generators
for Data Centres did not exist in Sweden and had to be modelled on regulations from other countries (Vonderau,
2017), International location cost indices, such as those provided by Eurostat (EC, 2019), World Bank (2022)
and the OECD (2022) are broad and mainly model variations at the country level, making them less effective
during cost planning for individual projects specific to a particular region. Therefore, construction professionals
must consider multiple factors and rely on a combination of indices and expert judgment to provide accurate cost
estimates for Data Centres.

2 RESEARCH AIM

Whilst a wide range of variables impacts construction project costs and cost modelling, there is no evidence to
suggest whether and how these variables would affect site location in cost planning for the capital expenditure of
Hyperscale Data Centres. Although there is published data on traditional construction costs and location indices
in the UK, they do not provide enough information to assess the impact of location variables, especially
considering the specific design requirements of Data Centres (King et al., 2023). This highlights a significant
knowledge gap in the existing body of research. This paper aims to validate a methodological concept using Delphi
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and Bayesian theory to assess the probability and impact of location variables. This approach aims to aid in
selecting the appropriate methodological approaches for the research topic of “’the impact of location variables
on the modelling and forecasting of Hyperscale Data Centres". By utilising this method, the study seeks to identify
the potential risks and impacts of various location variables, contributing to a more comprehensive understanding
of the relationship between site location and capital expenditure in the Hyperscale Data Centre industry.

3 METHODOLOGY
3.1 Risk

Risk refers to situations that involve uncertainties that may occur, risk mitigation refers to actions taken to optimise
the impact of risk. By selecting a comprehensive risk management strategy that considers all types of risk, one
can ensure the implementation of a planned Data Centre investment within the specified time and budget. Various
organisations have developed several approaches to risk. Notable among these are the Project Management
Institute (PMI., 2001) and PRINCE2 (Bentley., 2012). This paper aims to introduce a concept that can quantify
the impact of risk through a Delphi and Bayesian approach. A risk is defined as the probability of an event
occurring and the subsequent consequence, as expressed in Equation (1). Here, R represents a risk, P is the
probability of the event occurring, and C is the impact or consequence of the event.

R=(PO). (M

Various methodologies exist for identifying risk including identification, assessment, response, and monitoring.
Risk identification is identifying potential risks that may impact the project. Risk assessment involves analysing
and evaluating the likelihood of occurrence, impact, and consequences of the identified risks. The risk response
involves developing a plan to manage or mitigate the identified risks. Lastly, risk monitoring and control.
Quantifying the impact of risk, especially with location variables, can provide invaluable information to decision
makers and stakeholders and can be used to make informed decisions, develop contingency plans, and allocate
resources appropriately. Therefore, developing a method to assess the impact of location variables on project risk
can significantly improve the success of a project. Risk decisions involve assessing the factors that contribute to
the emergence of risk and the likelihood and potential impact of the event.

3.2 Delphi Study

A pilot Delphi study (King et al., 2023) has been conducted to obtain expert opinions on the key themes that affect
the location variables of Hyperscale Data Centres and their impact on the modelling and forecasting of capital

expenditure. The analysis of the pilot study data has provided rigour and validity to the questionnaire for
the main forthcoming Delphi study. This has allowed for identifying and assessing potential risks associated with
the location variables of Hyperscale Data Centres. The pilot study results indicate the current understanding of
the variables that impact the modelling and forecasting of capital expenditure for Hyperscale Data Centres. These
variables have been identified as potential risks and are an essential consideration in the risk management strategy
for the planning and implementing Hyperscale Data Centres. Previous research found that pilot Delphi studies are
rarely reported in academic literature, making it difficult to establish best practices (Clibbens., 2012). For this
pilot study, industry expert knowledge was obtained through several expert participants (n=5). The response rate
was 100%. Through an open-ended questionnaire, experts could respond freely and without restriction. Having
completed the thematic analysis of the data arising from the questionnaire, the pilot study identified categories
and themes that are considered risk items; the following items were among those rated by the participants as
having an impact on capital expenditure when locating a data centre:

e Requirement for cooling towers due to sub-zero climate

e Requirement to import generators due to in-country shortages.

e Acoustic screens to generators due to proximity of residential neighbours

e In-country technical labour shortages require backfilling with imported, experienced technical labour.

The themes arising from the Delphi study provide the data that will be used to provide the data that will be used
for the assessment of the impact of location variables within a Bayesian framework.
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3.3 Bayes Theory

Bayesian theory is based on the probability theory given by Thomas Bayes in 1763 (Bayes., 1763). Bayes's theory
relates the conditional probabilities of random variables to each other. It provides a framework that allows for the
integration of a prior belief about the distribution of a quantity of interest (the prior distribution) and the observed
data (through the likelihood term). as shown in Equation (2).

P(A)- P(B|A)
P(B) 2)

To clarify, in this instance:

P(A|B) =

e P(B) denotes the prior belief (for example, the probability of occurrence of the variable, such as the
probability of encountering ground conditions)

e P(B|A) denotes the level of impact should that variable occur.

e P(B) denotes the new site-specific evidence (for example, when new information arises, i.e., a higher
probability of occurrence of encountering ground conditions)

Bayes theory can be applied to numerous components by using the product rule (Pearl., 2022) and, therefore,
Bayes theory is applied for calculating the probability of occurrence of a phenomenon or hypothesis using multiple
factors or variables. It is also considered a powerful method for hypothesis testing (Wetzels et al., 2012) making
assumptions and having wide-ranging decision-making applications related to artificial intelligence, machine
learning, and bio-statistics approaches. Prediction theory is a sub-field of statistics and machine learning that
involves the development of mathematical models and algorithms for predicting future outcomes or events
(Sarker., 2021). It uses data from past observations to create models that can be used to forecast future outcomes.
Prediction theory employs various data analysis techniques like regression, clustering, and classification. It also
involves identifying essential variables and patterns within the data, calculating the probability of specific
outcomes, and selecting desirable outcomes based on the model generated. Although prediction theory and Bayes
theory are related, they differ in terms of their fundamental principles. Bayes’s theory concerns conditional
probability and allows for the revision of probabilities based on new information or evidence (Ajzen et al., 1975).
On the other hand, prediction theory is focused on building models and computing algorithms to predict outcomes
from complex data sets. While prediction theory may incorporate probabilities, it does not involve the revision of
probabilities like Bayes’s theory. Using Bayesian theory and correlation analysis is a common practice for
predicting future outcomes and events. In addition, integrating prediction theory with the Delphi method is a
recognised technique used to forecast future outcomes based on expert opinions (Turoff et al., 2002). The Delphi
method involves obtaining consensus opinions from subject matter experts through a series of planned interviews
or surveys, which can then be used to forecast future outcomes. Furthermore, the Delphi method can be combined
with Bayesian theory to revise established opinions based on the likelihood of different outcomes. This study
highlights that expert opinions gathered through a structured sampling technique such as the Delphi method can
be utilised to estimate probable outcomes, which can then be inputted into the Bayesian formula to provide current
outcomes based on updated information gathered through qualitative risk assessments. The combination of the
Delphi method and Bayesian theory enhances the accuracy and decisiveness of the mathematical model compared
to using prediction theory alone. Previous research supported this approach, including Bijak (2011), who identified
Bayesian theory as a natural methodology for combining expertise and data with expert judgments. Additionally,
Bernardo (2003) suggests that Bayes’s formula allows for expert opinions to be incorporated into projections in
the form of prior distributions. However, a limitation of Bayesian forecasts is that they may contain subjective
elements due to their dependence on expert opinions and history obtained from the data series (Abel et al., 2013).
In conclusion, the combination of Bayesian theory and the Delphi method can provide a robust methodology to
model and forecast the impact of location variables on Hyperscale data centres.

4 DATA COLLECTION

4.1 Likert

Psychologist Rensis Likert invented the Likert scale (Likert., 1932). It is a rating scale used to measure attitudes,
opinions, or perceptions. The scale can have anywhere from 5 to 11 points, with the most common being a 5-point
scale. It is widely used in social sciences, especially in survey research, as it allows researchers to gather
information about people's attitudes, opinions, or perceptions systematically and standardised. The scale is also
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commonly used in market research, customer satisfaction, and employee engagement surveys. The Likert scale
has several advantages, including ease of use, simplicity, and flexibility. It is easily understood by respondents,
which can improve the accuracy and reliability of the data collected. However, it is important to remember that
the Likert scale also has limitations, such as possible response bias, limited ability to capture complex attitudes,
and the potential for data to be misinterpreted if it is not used appropriately. It is important to carefully consider
the wording and format of the questions in the Likert scale to minimise these limitations and ensure accurate data
collection. Additionally, it is essential to use appropriate statistical techniques when analysing the data obtained
through the Likert scale to avoid misinterpretation of the results.

4.2 Probability

To establish the likelihood of events, a Likert ranking has been proposed with two extremes at either end of the
scale. A score of 1 denotes an event highly unlikely to occur, whereas a score of 5 represents a highly likely
scenario, as shown in Table 1. For instance, when assessing power availability, one might score it as one because
the likelihood of that event occurring is low. On the other hand, if there is a substation on-site and the site is
situated in the centre of a seismic zone, a score of 5 may be assigned since the probability of a seismic event
causing damage is very high. These scoring descriptions outline the scoring criteria and help prevent ambiguity
when experts score as part of the Delphi study.

Table 1: Likert ranking for probability.
Likert scale Probability

1 Very unlikely
2 Unlikely

3 Neutral

4 Likely

5 Very likely

The variables identified and presented in Table 2 are derived from a previous Delphi study by King et al (2023).

Table 2: Likert scoring results for the probability of the event occurring.

Very Very
Variable unlikely Unlikely Neutral Likely Likely
Cooling towers 4 1 4 41 16
Imported generators 4 4 32 23 3
Acoustic screens 4 1 4 39 18
Technical labour shortage 4 28 27 5 2

These Likert scoring values are intended to illustrate the proof of concept. They are based on the authors'
professional judgment regarding the probability of each item occurring in the real world. However, it is essential
to note that these scores are hypothetical for illustration only to demonstrate the proof of concept. They will be
subject to revision based on new available information, resulting in updated posterior probabilities that may differ
significantly from the initial estimates.

5 RESULTS AND DISCUSSION
5.1 Establishing Nodes

The scoring rankings for probability are derived from the Likert scoring results in Table 2 and weighted to generate
the probability distribution required for the Bayesian analysis. A weighing method has been used to assess these
conditional probabilities, as shown in Equation (3).

Occurance

Total respondants (3)

401



The variables and the conditional probability of these events occurring are shown in Table 3. The results
subsequently creating the nodes for the Bayesian network.

Table 3: Conditional probability of the event occurring.

Item U V?ry Unlikely Neutral Likely Yery
nlikely Likely
Cooling towers 6% 2% 6% 62% 24%
Imported generators 6% 6% 48% 35% 5%
Acoustic screens 6% 2% 6% 59% 27%
Technical labour shortage 6% 42% 41% 8% 3%

Therefore, the node describing the event of Cooling Towers together with possible scenarios of this likelihood
together with possible assessment factors is as Figure 1

Cooling towers

VeryUnlikely 6.00
Unlikely 2.00
Neutral 6.00
Likely 62.0
VeryLikely 24.0

Figure 1: Conditional probability node of Cooling Towers being required.

5.2 Assigning event probabilities

A process of identifying possible events for each of the variables was established. The basis of the Bayesian
network is related to determining the relationship of each individual node in the network. For this proof of concept,
the relationship of individual node was based on the authors’ own experience and assessed using a low, medium,
and high ranking. For example, the impact of cooling towers is identified in Figure 2.

Cooling towers Low Medium High
VeryUnlikely 100 0 0
Unlikely 50 50 0
Neutral 0 50 50
Likely 0 0 100
VeryLikely 33.3 3354 33.3

Figure 2: Conditional probability node of Cooling Towers impact

These relationships have been used to identify scenarios that could occur because of events in the process of
assessing the impact of location variables through four ranges for contingency between 0% and 20%, as shown in
Figure 3. These contingency values have been presented based on the author's experience as proof of concept.
Further research will be required to refine these contingency values.
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Cooling towers Technical labour sh... 0to 5 percent 5to 10 percent 10 to 15 percent 15 to 20 percent
Low Low 100 0 0 0

Low Medium 50 50 0 0

Low High 0 0 100 0

Medium Low 50 50 0 0

Medium Medium 0 50 50 0

Medium High 0 0 50 50

High Low 0 50 50 0

High Medium 0 0 50 50

High High 0 0 0 100

Figure 3: Conditional probability node of Contingency for Mechanical

5.3 Performing calculations

The Bayesian network conditional probabilities were calculated using Netica software (Ni et al., 2011). This
resulted in a functional and working network being developed to assess the impact of location variables. After
calculations, the results of the conditional probabilities were established, as shown in Figure 4.

Likelyhood
Cooling towers
VeryUnlikely 6.00
Unlikely 2.00
Neutral 6.00
Likely 62.0
VeryLikely 24.0

Probability

Cooling towers

Technical Labour Shortage

VeryUnlikely ~ 6.00 E
Unlikely 42,0 :
Neutral 41.0 ;
Likely 8.00 :
VeryLikely  3.00 ;

Y

Low 15.0
Medium 12.0
High 73.0

Technical labour shortage

\ 4

Imported Generators

VeryUnlikely ~ 6.00 :
Unlikely 6.00 d
VeryLikely 48.0 i
Neutral 35.0 !
Likely 5.00 :

Low 29.6
Medium 25.2
High 451

Trade Impact

Mechanical Contingency

Imported generator:

S

Acoustic Screens

VeryUnlikely 6.00
Unlikely 2.00
Neutral 6.00
Likely 59.0
VeryLikely 27.0

Y

Low 10.6
Medium 28.7
High 60.6

A 4

0 to 5 percent 8.1 E E
5 to 10 percent 16.0 I
10 to 15 percent 31.0 i E
15 to 20 percent 449 o

Electrical Contingency

Acoustic screens

A 4

Low 898 ;!
Medium  3.04 | |
High

A 4

0 to 5 percent 2.41
5 to 10 percent 4.61
10 to 15 percent 26.1
15 to 20 percent 66.9

Figure 4: Bayesian network identifying trade Contingencies based on conditional probabilities.

403




5.4 Event scenario analysis

An example of the updated impact of Cooling towers is shown in Figure 5. This event has been modelled on the
node ’Cooling towers’. A 100% likelihood of this event occurring has been assumed as ’Unlikely’ in this
hypothetical scenario.

Likelyhood
Probability

Cooling towers

VeryUnlikely 0 Cooling towerls _
Unlikely 100 Low 0 [
Neutral 0 Medium 100

Likely 0 High o 1 i
VeryLikely 0

Trade Impact

Technical Labour Shortage Mechanical Contingency
VeryUnlikely  6.00 j E Technical labour shor:tagle i T
Unlikely 420 : » Low 296 3 > g:g ?op;r;iz;t ;‘;'i .
Neutral 41.0 ' Medium 25.2 - 101615 barcert, | 850 b
Likely 8.00 ' High 45.1 Lo P b -
:  — 15 to 20 percent 226 !

VeryLikely 3.00

Imported Generators

S e : Rt generatlorsl ' N 5Electru:tal Contlzn;ency :
Unlikely 6.00 : »| Low LGN > 5 tg 1opeor;22nt 461 :
VeryLikely 48.0 i Medium  28.7 Lo 10 to 15p Aern ohe ;
Neutral 35.0 : High 60.7 i | 38 z ercont | 660 :
Likely 5.00 : : :

Acoustic Screens
VeryUnlikely  6.00

Acoustic screens

Unlikely 2.00 »| Low 8og ! ! !
Neutral 6.00 Medium 3.04)0 0 &
Likely 59.0 High

VeryLikely 27.0

Figure 5: Bayesian network updated with new probabilities impacting Mechanical contingency.

In this scenario, we have also selected the node for a probability of an increase in cost to 'Medium.' Using this
Bayesian network, this updated information has impacted the node for Mechanical Contingency, changing from
15%-20%, as identified in Figure 4, to 10%-15%, as shown in Figure 5. Therefore, in this example, the impact of
location variables has, using the Bayesian theory, identified an improved risk and reduced contingency for the
Mechanical Works.

6 CONCLUSION

Using a combination of the Delphi study, Likert scale, risk, and Bayesian theory to evaluate the impact of site
location on capital expenditure for Hyperscale Data Centres has been demonstrated to be a feasible approach. The
study findings indicate that it is possible to identify the likelihood of specific location variables impacting capital
expenditure by conducting a Delphi study to obtain expert opinions and utilising a Likert scale to acquire
subjective information about the probability and perceived risk of occurrence. These probabilities can be
integrated into Bayesian analysis as prior knowledge, and as new information becomes available, they can be
updated to calculate the posterior probability. The resulting percentage impact can then be applied to assess
individual or multiple items and incorporated into the total capital expenditure, providing a method for
determining the percentage impact, cost increase, or contingency. The findings of this study have significant
implications for evaluating the impact of location variables for Hyperscale Data Centres, where variables can be
identified and quantified as a percentage variance to capital expenditure. By utilising a Delphi study, the method
can gather expert opinions, increasing the reliability and validity of the data obtained.
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Furthermore, using a Likert scale allows for quantifying subjective information, which can be challenging to
measure using other methods. Finally, by incorporating the probability and risk of occurrence, the Bayesian
analysis provides a more accurate assessment of the impact of location variables on capital expenditure. The
methodology described in this study can be applied to various industries, providing a comprehensive framework
for determining the impact of various factors on capital expenditure and informing decision-making processes.
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