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This study provides a theoretical and practical assessment of the potential
benefits of live data streams, as used in digital twins, relating to a building’s
running cost and carbon emissions. This is a significant issue, as there is a rise in
the demand of digital twins and smart buildings in industry, and the energy savings
that could be achieved should be assessed, as it relates to building automation
and function. The study considers theoretical assessments based on existing
standards and practical assessments on university buildings in London, United
Kingdom and New Haven, Connecticut, United States, and is particularly focused
on how data-driven controls can improve the energy efficiency of the buildings
considered. Using data from the building’s building management systems and
energymonitoring software, operational building data analysis was carried out on
buildings in London andNewHaven. Informed by the studies of both buildings, an
assessment against ISO 52120-1:2021 was carried out for the existing building in
New Haven, and a planned new university complex in New Haven. The
comparative study between the London and New Haven building found that
29% of noteworthy cases identified for the London building were also observed in
New Haven. The most significant energy saving opportunities, such as signs of
overcooling and not adhering to scheduled shutdowns, were found to be present
in both buildings. From a baseline state of low building automation, three states of
increasing Building Automation and Control capability were defined as “must
have”, “should have”, and “could have”. The mean expected energy savings for
these were 5%, 7%, and 9% respectively. The implications of this study are that
energy savings can be achieved in existing and planned education buildings, and
that opportunities can be identified using enhanced building automation
described in ISO 52120-1:2021. It also highlights the challenges with using ISO
52120 to fully quantify the energy savings due to enhanced automation and live
data streams, especially for buildings with laboratory areas, which are not covered
by ISO 52120, and which typically make up a much higher proportion of a
building’s energy footprint than office areas.
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1 Introduction

Digital twins in the built environment are seen to be at an early stage
in their development (Schweigkofler et al., 2022; Deng, Menassa, and
Kamat, 2021), and their use is increasing rapidly (Boje et al., 2020). This
will be associated with a rapid increase in live data streams and the
associated processing and storage of data (Wright and Davidson, 2020).
This could lead to benefits for the environment, building occupants, and
building managers (Ketzler et al., 2020; Shahzad et al., 2022; Halmetoja,
2022), with the potential for improved energy efficiency identified as a
key benefit (Hernández-Moral et al., 2021). However, there are
indications that 90% of sensor data from the internet of things and
80% of all digital data is never used (McGovern, 2020; Rogers and
Kirwan, 2019; Active Archive, 2018). This is a large cost, when
considering that total global carbon emissions from data
transmission and storage are estimated at 97 million tonnes of CO2e
per year (Obringer et al., 2021). At the time of writing, this is greater
than the total estimated carbon footprint of Chile. In light of this,
guiding principles for developing digital twins in the built environment
such as the Gemini principles (Bolton, Enzer, and Schooling, 2019)
exist. These provide a framework for developing digital twins that
provide a clear purport and public good.

The assessment of energy-saving potential for live data streams
should also be considered in the wider context of active and passive
energy-saving measures. This includes effective use of atriums to
minimise thermal energy consumption (Vujošević and Krstić-
Furundžić, 2017; Aldawoud, 2013; Wang et al., 2017), with
Vujošević and Krstić-Furundžić finding that buildings with a
glass atrium could reduce heating demands by 30% in other
areas of the building (Vujošević and Krstić-Furundžić, 2017).
Ventilation design to enable gravity assisted ventilation can also
be used to maximise passive cooling and ventilation (Nakielska and
Pawłowski, 2017; Gil-Baez et al., 2017). Other effective passive
energy saving measures include the use of night cooling (Solgi
et al., 2018), thermal inertia (D’Orazio et al., 2014; Rugani et al.,
2021), and ground energy (Gondal, 2021; Panão and Gonçalves,
2011). Existing active energy saving measures include thermal
storage systems (Kim, Shim, and Won, 2018), heat recovery
(Vakiloroaya et al., 2014) and predictive control (Xue et al., 2023).

Existing studies have assessed the utility of live data streams in
buildings, for example, Maltese et al. (2021) have shown how live
data in office buildings can be used to reduce running costs and
improve occupant productivity and space utilisation. Schweigkofler
et al. have also shown how live data streams are used in digital twin
to engage occupants with facilities and energy management for a
school building (Schweigkofler et al., 2022). Existing literature has
shown ISO 52120 as a method for assessing gains from enhanced
building automation, including modelling of the Building
Automation and Control Systems classes in the standard
(Albesiano, 2023), assessing benefits from improved automation
in heating (Morkunaite et al., 2022) and designing an automated
control system for improved thermal performance (Montalbán
Pozas et al., 2023). The present study builds on the existing
literature to assess the benefits of live data streams through ISO
52120 assessments for existing buildings and a planned new
development, informed by operational data.

Considering the potential benefits of live data streams
mentioned, and the costs of harvesting, storing, and analysing

this data, an assessment of quantitative potential digital twin
benefits is needed (Demian, Yeomans, and Murgula-Sanchez,
2018). The work presented provides a case study to contribute
towards addressing this need by calculating the potential benefits
of live data streams in digital twins and feeds back learning from
operational data from existing buildings into the design stage for
new building projects. First, operational data from two university
buildings, one of which is situated in London, UK and another in
New Haven, Connecticut, USA is assessed. The London building is
University College London (UCL) East One Pool Street (UCL
2018a), and the New Haven building is Yale University’s Becton
Engineering and Applied Science Center (BCT) (Yale University,
2021). One Pool Street and the BCT are shown in Figures 1, 2
respectively.

Based on an analysis of the operational data and building control
manuals, the BCT and a planned new development for the Yale
School of Engineering and Applied Science (SEAS) on Hillhouse
Avenue (Yale University, 2023) were assessed against the ISO 52120-
1:2021 standard (ISO, 2021), to provide an indication of energy
savings that could be achieved using greater levels of Building

FIGURE 1
UCL East One Pool Street.

FIGURE 2
Becton Engineering Center.
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Automation and Control (BAC). Using the ISO 52120 standard
covers the use of active energy saving measures, including demand
driven heating and cooling, and passive techniques including use of
free cooling. This assessment gave rise to a series of possible
development pathways for the new SEAS development on
Hillhouse Avenue. These are provided in this paper as “must
have”, “should have”, and “could have” pathways, with the
potential utility of each pathway considered.

2 Methods

This study assessing the utility of live data streams is based on a
data harvesting and analysis project at One Pool Street. This section
describes the methods used in this study, and the following studies at
Yale University. These include the operational data assessment at
BCT, ISO 52120 assessment at BCT, and the ISO 52120 assessments
for the planned development on Hillhouse Avenue. The method
used intentionally covers operational data for existing buildings and
a theoretical assessment of a planned new development. This is to
provide a real-world picture of building automation and controls as
well as assessing which technologies work best in practice to
feedback to new buildings at the design stage.

2.1 UCL East One Pool Street harvesting and
analysis of live data streams

One Pool Street operational data is made available through
campus wide instances of Schneider Ecostruxure Building
Operation (Schneider, 2022) and Schneider EcoStruxure Power
Monitoring Expert (Schneider Electric 2024b). A data harvesting
solution was implemented using MQTT (MQTT, 2022), with data
storage carried out in InfluxDB (InfluxData, 2022), and data
visualisation achieved in Grafana (Grafana Labs, 2024).
Harvested operational data included room temperature, CO2

concentration, thermal energy consumption, electricity
consumption, Heating, Ventilation, and Air Conditioning
(HVAC) operating parameters, and occupancy (from passive
infrared sensors). The list of parameters harvested for this study
is provided in Tables 3, 4.

Grafana data visualisations are analysed manually to identify
cases that could save energy or improve operations. For example,
spaces were being actively cooled to 21°C in summer months, even
though it is university policy for spaces not to be cooled below 25°C.
This case will be discussed in more detail in Section 3.1. Potential
cases that affect occupant comfort were also identified. These
include chiller outages that caused room temperatures above
29°C in occupied rooms, and up to 34°C in a room that houses a
computer cluster. The cases observed were used to support
engagement with building stakeholders, and formed the basis for
the assessments made for existing and planned university buildings
at Yale University described in Sections 2.3, 2.4. The opportunities
identified that offered the largest potential energy savings were:

• Increasing the cooling setpoint from 21°C to 25°C to bring this
in line with the UCL heating and cooling policy (UCL 2018b).

• Turning off ventilation over shutdown periods and weekends.

• Reducing the return temperature from the building’s hot water
circuit to the district heating system in line with the design
values to maintain the intended temperature difference across
the hot water circuit.

This study aims to compare these cases with improvements
suggested in ISO 52120 (ISO, 2021) (see Sections 2.3, 2.4), to identify
alignment for the buildings considered.

The key building parameters as it pertains to energy
consumption for UCL East One Pool Street are provided in Table 1.

2.2 Becton Engineering Center operational
data analysis

The study of live data at the BCT seeks to understand whether
the same cases arise in this university building in New Haven, USA,
as were present in the UCL East One Pool Street case study. Trend
data from Johnson Controls Metasys (Johnson Controls, 2024),
Fault Detection and Diagnostics data from Clockworks analytics
(Clockworks Analytics, 2024), and energy data from the Facilities
Energy Usage Explorer (Yale University, 2024) were used to assess
each of the 40 cases identified in the One Pool Street case study, and
an assessment was made as to whether they existed at the BCT. Data
for comparison was not available for all cases. For example, Yale
University does not have the same building shutdown at Easter that
exists at UCL. The understanding of the building systems and the
trends in the harvested operational data fed directly into the ISO
52120 assessments described in Sections 2.3, 2.4.

TABLE 1 Energy performance parameters for UCL East One Pool Street.

Parameter Value

Measured annual energy consumption (November
2023 – October 2024). This includes electricity and low
temperature hot water provided by district heating (chilled water
is provided by an electrical chiller on site)

5,050 MWh

Total floor area 20,000 m2

Energy use intensity 253 kWh/m2/
year

Main heating source District heating

Shape coefficient 0.36

TABLE 2 Energy performance parameters for the Becton Engineering
Center.

Parameter Value

Measured annual energy consumption (November
2023 – October 2024). This includes electricity, steam, and
chilled water provided by a central power plant

13,500 MWh

Total floor area 13,500 m2

Energy use intensity 1,000 kWh/m2/
year

Main heating source District heating

Shape coefficient 0.17
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The key building parameters as it pertains to energy consumption
for the Becton Engineering Center are provided in Table 2.

A description of the of data harvested at One Pool Street and the
BCT is provided in Tables 3, 4 respectively.

2.3 Becton Engineering Center data-driven
control assessment

In addition to the studies on operational data, an assessment
against the ISO 52120-1:2021 standard (ISO, 2021), that covers the

contribution of building automation to the energy performance of
buildings, was carried out for the BCT. The standard describes
detailed requirements for using sensor data to drive automated
building control and provides quantitative metrics that these data-
driven controls have on the energy performance of buildings. The
Siemens EPC-Tool web interface was used to carry out the
assessment against ISO 52120 (Siemens, 2022). The building
control manuals for the BCT were used to complete the
assessment, as well as the results from the BCT operational data
analysis described in section 2.3. The building classification is
carried out for an office building, since the spaces in the BCT

TABLE 3 Detailed description of sensor data for UCL East One Pool Street.

Data type Sensor or system used Sensor location Zoning

Temperature Schneider Smart X room sensor (Schneider Electric,
2020)

Wall Multiple sensors per
room

CO2 concentration Schneider Smart X room sensor (Schneider Electric,
2020)

Wall Multiple sensors per
room

Occupancy (Binary output) Passive infrared ceiling Room level

Thermal energy consumption Kamstrup Multical 403 heat meter (Kamstrup, 2023) District heating system inlet Building level

Building level electricity
consumption

Schneider Electric Micrologic 6.0 X control unit
(Schneider Electric 2024c)

Incoming power from the electricity grid Building level

Thermal energy consumption Kamstrup Multical 403 heat meter (Kamstrup, 2023) Secondary low temperature hot water pumps for the
podium and residential towers

Zone level

Equipment level electricity
consumption

Schneider Electric Micrologic 6.0 X control unit
(Schneider Electric 2024c)

Low voltage distribution boards Equipment level

Chilled and hot water network
temperatures

STP500 pipe temperature sensor (Schneider Electric
2024a)

Throughout chilled and hot water distribution network Equipment level

HVAC system pressures EP Series Differential Pressure sensor (Schneider,
2024)

HVAC ducts Zone level

HVAC system temperatures STP500 pipe temperature sensor (Schneider Electric
2024a)

HVAC ducts Zone level

HVAC system valve positions Danfoss AB-QM control valves Air handling units, fan coil units, variable air volumes Zone level

HVAC equipment on/off state Danfoss AB-QM control valves Air handling units, fan coil units, variable air volumes Zone level

TABLE 4 Detailed description of sensor data for the BCT.

Data type Sensor or system used Sensor location Zoning

Temperature Johnson Controls NS-BTB7002-0 temperature sensor Wall Room level

CO2 concentration Johnson Controls NS-BCN7004-0 CO2 sensor Wall Room level

Occupancy (Binary output) Dry contact passive infrared occupancy sensor Ceiling Room level

Building level thermal energy consumption Yale energy explorer (Yale University, 2024) Plant room Building level

Building level electricity consumption Yale energy explorer (Yale University, 2024) Plant room Building level

Chilled and hot water network
temperatures

Johnson Controls TE-63xS Series Strap-Mount
Temperature Sensors

Throughout chilled and hot water distribution
network

Equipment
level

HVAC system pressures Johnson Controls DPT2641-005D-1 pressure
transducer

HVAC ducts Zone level

HVAC system temperatures Johnson Controls NS-BTB7002-0 temperature sensor HVAC ducts Zone level

HVAC system valve positions Belimo pressure independent control valves Air handling units, fan coil units, variable air volumes Zone level

HVAC equipment on/off state Belimo pressure independent control valves Air handling units, fan coil units, variable air volumes Zone level

Frontiers in Energy Efficiency frontiersin.org04

Markiewicz et al. 10.3389/fenef.2025.1539689

https://www.frontiersin.org/journals/energy-efficiency
https://www.frontiersin.org
https://doi.org/10.3389/fenef.2025.1539689


that are not laboratory spaces are office spaces, and there is no
distinction in ISO 52120 for laboratory spaces. The overall BAC
classification was used, since this allowed for the most granular level
of input, covering 45 functions across heating, hot water, cooling,
ventilation/air conditioning, lighting, blinds, and technical building
management. The requirements to meet each classification are
minimum requirements, meaning that if one control element is
rated as “D”, then the BAC class of that building is D.

2.4 Hillhouse Avenue data-driven control
assessment

Based on the BCT ISO 52120 assessment, and available
proposal documents from the architects and engineers for
the new development at Hillhouse Avenue, an ISO
52120 assessment was made for the new development. The
classification process is as described for the BCT in section
2.3. For the Hillhouse Avenue assessment, the requirements
to move to a BAC class C, B, and A from a “do nothing”
state were identified. The requirements to meet class C are
defined as “must have”, to meet class B are defined as “should
have”, and to meet class A are defined as “could have”
requirements. Energy modelling results from design proposals
were used to estimate energy savings for each state, considering
that the savings defined in ISO 52120 would only be for the
office portion of the new development. The assumptions made in
assessing the expected energy consumption for each state were:

• A gross floor area of 30,000 m2.

• 40% of the planned new development is laboratory space, and
the rest is office space.

• An Energy Use Intensity (EUI) of 315.5–378.6 kWh/m2/yr as
calculated using energy modelling.

• An increased energy consumption factor of laboratory spaces
of 5-10 times compared to an office space (EPA, 2008).

• The EUI and increased energy consumption factor of
laboratory spaces are normally distributed.

• The EUI calculated in energy modelling assumes a standard
class BAC and therefore corresponds to BAC class C.

• Since the planned new development is fully electrified, BAC
factors for thermal energy correspond to the electricity used
for Domestic Hot Water (DHW), cooling, heating, and
humidification, whereas BAC factors for electrical energy
are applied to HVAC systems such as pumps and fans, and
equipment that uses electricity. As shown in Figure 3, this
means that thermal BAC factors were applied to 54% of energy
consumption, and electrical BAC factors were applied to 46%
of energy consumption.

These assumptions show that the new building is similar in
function to existing buildings, especially considering the distribution
of lab and office space is similar to the Becton Engineering Center. It
is the largest of the buildings considered, with the BCT having a
gross floor area of approximately 13,500 m2 and One Pool Street
20,000 m2. Using the assumptions listed in this section, the total
expected building energy consumption for the planned new
development were calculated for the inputs that would result in
the minimum, mean, and maximum expected energy savings from
improved use data-driven control. The analysis of operational

FIGURE 3
Proportion of energy consumption by end use for the new development at lower Hillhouse Avenue.
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building data (see section 2.1 and 2.2) was used to classify the BAC
level for the planned new development.

2.4.1 Energy savings calculation
ISO 52120 overall BACS factors were used in the present study.

The formula for calculating total energy consumption for thermal
and electrical energy is shown in Equations 1, 2 (ISO, 2021).

Equation 1 – Formula used to calculate thermal energy
consumption with improved building automation control (ISO, 2021)

Qtot,BAC � Qtot,ref ×
fBAC,H

fBAC,H,ref
(1)

Where:
Qtot,BAC is the total calculated thermal energy consumption for

the building related to the new BAC efficiency class
Qtot,ref is the total thermal energy consumption for the building

for the reference BAC efficiency class
fBAC,H is the thermal BAC efficiency factor for the new

BAC class
fBAC,H,ref is the thermal BAC efficiency factor for the reference

BAC class.
Equation 2 - formula used to calculate electrical energy

consumption with improved building automation control
(ISO, 2021)

Wtot,BAC � Wtot,ref ×
fBAC,el

fBAC,el,ref
(2)

Wtot,BAC is the total calculated electrical energy consumption for
the building related to the new BAC efficiency class

Wtot,ref is the total electrical energy consumption for the
building for the reference BAC efficiency class

fBAC,el is the electrical BAC efficiency factor for the new
BAC class

fBAC,el,ref is the electrical BAC efficiency factor for the reference
BAC class.

The BAC efficiency factors for thermal energy are 1.51 for class
D, one for class C, 0.80 for class B, and 0.70 for class A.

The BAC efficiency factors for electrical energy are 1.10 for class
D, one for class C, 0.93 for class B, and 0.87 for class A.

3 Results

Results for the operational data assessment are shown in Section
3.1, and results for the ISO 52120 assessments, and the associated
energy implications are shown in Sections 3.2–3.4.

3.1 Becton Engineering Center operational
data analysis and comparison to One
Pool Street

The results from the comparison of operational data between
One Pool Street and the BCT are shown in Figure 4.

As mentioned in section, the reason that data for comparison
was not available for all cases observed at One Pool Street was
because of a difference in data harvesting architecture available

at the BCT, for example, the lack of electrical submetering for
equipment. In both buildings, it was observed that equipment
was left running over the Christmas shutdown period. There
were however differences in how this came about. At One Pool
Street, there was no process for shutting down equipment over
Christmas, so it was not turned off. At Yale University, all
buildings are shut down over Christmas by default, and staff
members can notify facilities if their specific area will be
occupied or in use, in which case equipment is left running
for that area.

At both sites, there was a large increase in cooling energy used
over summer months, with zone temperatures below the defined
setpoints for both university buildings.

The setpoint defined by UCL’s cooling policy (UCL 2018b) is
25°C, and the mean recommended cooling setpoint defined by Yale
University is 75°F (23.9°C). The zone temperatures observed in both
buildings, along with the recommended setpoints can be seen in
Figures 5, 6, which show the outdoor and indoor air temperature for
One Pool Street, and the BCT respectively.

In the One Pool Street case (see Figure 5), the low cooling
setpoint of 21°C resulted in complaints from occupants who
were used to warm weather, whereas discussions with staff at
Yale indicated that occupants desired colder zone
temperatures.

3.2 Becton Engineering Center ISO 52120-1:
2022 assessment

The results of the ISO 52120 assessment, based on the learning
from the operational data assessment at the BCT, surveying the
building’s facilities, and the contents of the manual. The results are
shown in Figure 7.

As shown in Figure 7, only 18% of the functions were assessed as
BAC class D. Since the requirements in ISO52120 are minimum
requirements, this means that the overall rating for the BCT is
currently a D, but the BAC class could be improved by upgrading a
small portion of BAC functions. Figure 8 shows a breakdown of
classifications by the ISO 52120 they fall under.

FIGURE 4
Comparison of potential improvement items found at the BCT
that were also identified at One Pool Street.

Frontiers in Energy Efficiency frontiersin.org06

Markiewicz et al. 10.3389/fenef.2025.1539689

https://www.frontiersin.org/journals/energy-efficiency
https://www.frontiersin.org
https://doi.org/10.3389/fenef.2025.1539689


Figure 8 shows that the highest number of D rated functions
are in cooling and ventilation/air conditioning. Within cooling,
two of the D rated functions were because the temperature
control of the cold-water distribution network and chillers
was based on a constant temperature control. Upgrading
these to a control that compensates for outside temperature
would upgrade these classifications.

3.3 Hillhouse Avenue ISO 52120-1:
2022 assessment

The learnings from the assessment of building automation and
controls were carried through to an assessment of the design
proposals for Hillhouse Avenue. This provided sufficient
confidence that the level of building automation control would

FIGURE 5
One Pool Street indoor vs. outdoor air temperature.

FIGURE 6
BCT indoor vs outdoor air temperature.
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be at least as good as it is in the BCT. Therefore, as a worst-case
scenario, BAC classes were assumed to be the same as at the BCT.
Additionally, the proposals explained that occupancy control would
be used for all systems, which meant that BAC ratings for functions
1.1, 3.1, and 5.1 improved to an A rating, and 4.1 improved to a B
rating. Heat pumps, and heat recovery will be used in the new
development, where these were not used in the BCT. The BAC
classes for these technologies were assigned in line with the classes
observed at the BCT. This means that functions 1.7 (Heat generator
control (heat pump)) (class C), 2.1 (Control of Domestic hot water
storage temperature with integrated electric heating or electric heat
pump) (class C), 2.2 (Control of Domestic hot water storage
temperature using heating water generation, 4.6 (Heat recovery
control (icing protection)) (class D), and 4.7 (Heat recovery
control (prevention of overheating)) (class D) were included in
the Hillhouse ISO 52120 assessment.

From the baseline state, improved states of building automation
and control were defined for the new development. These were
defined as “must have”, “should have”, and “could have” states, and
correspond to BAC classifications C, B, and A respectively. Table 5
provides a summary of the improved states.

3.4 Energy implications of suggested BAC
improvements

ISO 52120 (ISO, 2021) provides efficiency factors. As described
in section 2.4, these were used to estimate the energy consumption
reductions that are expected if the recommendations described in
section 3.3 are implemented. Figures 9, 10 show the expected total
energy consumption and the expected energy savings for each state
respectively.

The results shown in Figures 9, 10 should be viewed with
consideration for the assumptions listed in section 2.4, which
provide the baseline for the savings and uncertainties shown.

4 Discussion

The comparative study of operational data between the London
and New Haven university buildings focussed on 28 cases that were
chosen from live data streams. Of these 28 cases, nine were also
observed in the New Haven building. This shows that ~70% of cases
were not transferrable between the two buildings. However, the two
cases that were deemed to have the highest potential energy savings
in the London building were also observed in New Haven. The
significant differences in cases across the two buildings highlights
the need for skilled facilities managers who understand the building
they are managing and can take actions tailored to it. However,
sharing key similarities also shows the benefits of data-driven
methods as tools to aid managers in operating, maintaining, and

FIGURE 7
Number of functions that meet each BAC classification for
the BCT.

FIGURE 8
Number of functions that meet each classification level (A–D) for each ISO 52120 category.
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improving buildings that are optimised for energy efficiency and
occupant comfort.

As mentioned in Section 2.1, the greatest energy saving
opportunities identified from operational data at UCL East
One Pool Street were to increase the cooling setpoint, turn off

ventilation when it is not needed, and reduce the hot water exit
temperature. Considering the ventilation, the improvements
suggested in ISO 52120 would help to address this
opportunity, since the higher BAC classifications improve a
building’s ability to tailor equipment operation to occupancy.
Similarly, ISO 52120 functions 1.3 and 3.4 control the flow
temperature of the hot water and cold water distribution
networks respectively. This means that the hot water exit
temperature from the system could be optimised using higher
levels of building automation and control. The cooling setpoint
adjustment, however, requires an understanding of local
policies, which would not be addressed by improving BAC
functionality alone. In One Pool Street, the overcooling was
caused by having a setpoint of 21°C for the entire year, with no
modification for winter and summer months. With regards to
this, understanding the impacts of adjusting the setpoint on
occupant comfort is also important. As seen in the present case,
for example, the low setpoint at UCL caused occupants to
complain that they are cold in addition to using more energy,
whereas occupants at Yale University indicated that they enjoyed
the lower cooling setpoint. Overcooling is a wider issue observed
in the literature, a study into overcooling in commercial
buildings in the US, for example, found that overcooling
alone represents an 8% energy loss on average across the
country (Derrible and Reeder, 2015).

The results from the ISO 52120 assessments have shown that
some energy savings can be made from enhanced building
automation, with 5% energy savings across the entire new
development project achievable for the most basic
improvements, and 9% for the most complete building
automation enhancements. This shows that where it is cost
effective to make improvements to building automation, these
should be implemented. This in turn shows the necessity of
future work to assess the costs of the enhanced automation
proposed in ISO 52120.

Comparing the results from this study to existing studies that
assess the impact of improved automation, the achieved results
are conservative, with results showing savings of up to 31.6%
(Yin and Mohamed, 2023) of energy used for electric heating,
and savings from smart control of lighting between 40%-70%
(Mahdavi et al., 2008; Roisin et al., 2008; Yun et al., 2012). This
conservativeness shows gives confidence in the savings presented

TABLE 5 Summary of improvements for “must have”, “should have”, and “could have” states.

State BAC classification Notes

Baseline D Baseline state

Must have C The main benefits of the “must have” improvements are a likely increase in the mean flow temperature of the cooling circuit,
minimising the chance and amount of simultaneous heating and cooling, and optimising the use of freely heating and cooling,
available from the outdoor environment and pre-conditioned air (ISO, 2021)

Should have B The “should have” improvements provide better temperature control in the local and district heating and cooling supply circuits,
prioritise more efficient cooling sources depending on demand, and minimise energy demand by co-ordinating control across all
heat sources. Additional benefits are obtained by making use of free cooling and co-ordinating lighting to available daylight to
minimise energy used in lighting (ISO, 2021)

Could have A The “could have” improvements enable shorter heating and cooling operation time, energy saving based on daylight intensity, total
elimination of simultaneous heating and cooling, optimised use of free cooling and heating and control that matches demand as
close as possible (ISO, 2021)

FIGURE 9
Expected total energy consumption for the Hillhouse Avenue
development in the “do nothing”, “must have”, “should have”, and
“could have” states.

FIGURE 10
Expected energy savings for the Hillhouse Avenue development
in the “must have”, “should have”, and “could have” states.
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in this study being lower than what would be achieved for the
proposed new Hillhouse Avenue development. It is likely that
the cause of this conservativeness is the exception of laboratory
areas (see Section 5).

Whilst ISO 52120 (ISO, 2021) provides an excellent tool for
assessing the technological capability of a BAC system, and defining
the technologies that should be installed in a building, it lacks detail
in how this technology should be implemented. The ASHRAE
36 guideline, High-Performance Sequences of Operation for
HVAC Systems (ASHRAE, 2021) provides an excellent resource
for this, and should be used in conjunction with the
recommendations found in this study to maximise savings in
energy consumption.

5 Limitations

As can be seen in Section 3.1, there was not scope in this paper to
provide a detailed description of every improvement opportunity
identified at One Pool Street and the BCT. The results summary was
included however, as the assessment helped to provide a solid
understanding of BCT controls to carry out ISO
52120 assessments, and to be able to understand similarities and
differences in the utility of live data streams across different
geographies and cultures. Future work should provide a detailed
assessment of each case found, and provide a benefit assessment
based on operational data, to allow for comparison against the
energy savings calculated using an ISO 52120 assessment provided
in this paper. It should be noted that the building management
system sensors used to obtain operational data typically have lower
accuracies than newly calibrated stand-alone temperature sensors
(Bae et al., 2021).

An important limitation is the uncertainty associated with
energy savings from ISO 52120 assessments for the Hillhouse
Avenue project. The greatest source of this is the lack of detailed
understanding of the energy consumption of the lab spaces at the
BCT and Hillhouse Avenue. Since ISO 52120 does not provide
guidance on laboratory applications, it was assumed that no
energy savings from improved controls could be made for
laboratory spaces, and it was estimated that these made up
the greatest proportion of the building’s energy consumption
(between 77% and 87%). Therefore, future work should seek to
address laboratory use to understand the savings that could be
obtained using the control strategies described in this report, and
to develop a control strategy tailored to minimising energy
consumption in laboratories.

It should be noted that the baseline assessment for the
planned development at Hillhouse Avenue (Section 3.3) is a
worst-case assessment. This was done intentionally, to ensure
that no potential improvement opportunities could be missed.
However, it is likely that a lot of the functionality listed in the
“Must”, “Should”, and “Could” states would be incorporated
into the building, but have not been included in plans at such an
early stage. Future work should be done to understand which
features would be included in the building without any
intervention, and what the value of the remaining
improvements would be.

6 Conclusion

This study has provided some progress towards addressing the
need for tools and real case study examples to assess the benefits of
digital twins in the built environment, by quantifying the potential
benefits of live data streams in existing and future buildings. The
results showed that the mean reduced energy consumption for a
planned new university building in New Haven, Connecticut were
5%, 7%, and 9% for three increasing levels of improved building
automation control. A comparative study between university
buildings in London and New Haven found that 71% of
noteworthy cases identified for the London building were not
observed in New Haven, but signs of overcooling and not
adhering to scheduled shutdowns were observed in both buildings.

Additional work is needed to assess the costs of implementing
the data acquisition and data-driven control strategies described in
this study and to assess additional benefits of live data streams,
including dynamically updating building models. Future work
should also consider the impact of data-driven buildings on
laboratory buildings, especially as potential energy savings could
be greater than for offices.
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