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Figure 1: Typical model resolution for digital twin.

Figure 4: IR survey at end of heating phase.

Differences between Pulse Test and Co-heating

Adaptations in the Pulse Test reflect the evolution of
building facades as well as the ubiquity of IR and blower
door tests but are largely focused on tight coupling with
simulation tools:

e A Pulse Test heating set point is ~35°C. The trend
towards highly insulated facades needs higher
temperatures to assist in identifying facade faults as
well as clarifing energy flows within simulation
models.

Figure 2: Pulse test typical room deployment

o A Co-heating test uses a static temperature regime. A
Pulse Test uses distinct phases to isolate specific
dynamic aspects of building performance. Tests
usually take 5-6 days but are amenable to phased
deployments across a number of buildings.

e Coheating and Pulse Tests can use similar monitoring
of heating circuits. The Pulse Test goal is to track the
heat input to each room separately at a 1-2 minute
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interval to match the resolution of heating controls in
the digital twin.

e Coheating allows a number of days for rooms to reach
set point. The Pulse Test goal is a step change from
near-ambient within a constrained duration of 4-8
hours.

e IR checks of rooms with static heaters and fans
indicated locally elevated surface temperatures.
Oscillating heaters and fans are used if possible. As
the simulation tool will assume high heat transfer
coefficients during particular phases of the test it is
imperative that the fans and heaters are deployed so as
to reach all surfaces in heated as well as non-heated
spaces within the insulation envelope.

e Coheating and Pulse Tests have similar placement of
temperature/RH sensors. Pulse Tests also include roof
and crawl spaces and begin monitoring during the pre-
conditioning phase.

o Coheating uses pressure tests or tracer gas to estimate
infiltration. Pressure tests in Pulse are focused on the
calibration of the airflow paths in the simulation
model and identifcation of faults to include in the
digital twin. The numerical solution takes care of the
infiltration.

e Coheating and Pulse tests make use of a weather
station. However, as the primary goal in the Pulse test
is to support matching with weather data sets used by
the simulation tool, it is also possible to monitor a
limited number ambient conditions.

e Both Co-heating and Pulse tests discourage access to
the building during the test. Remote access to check
progress is essential for both. Pulse includes
provisions for heater and fan switch off as well as
redeployment of heaters and fans at the start of the
cool-down phase.

e Pulse seeks to minimise solar radiation impacts by
covering glazing with reflective foil.

Design of experiment phase

Testing regimes such as Co-heating, PSTAR and QUB
render a building unavailable for other purposes for a
number of days or weeks. The logistics of deploying tests,
particularly those which involve several phases, is
complex. The uncertainty in timelines grows if tests are to
be deployed in multiple buildings, either simultaneously
or in phases. Interactions with building owners and/or
construction trades as well as the cost of deployment are
improved if proposed time-lines are delivered and the
experiment proceeds as planned.

Numerical tools give us the option to ‘design the
experiment’. The building form and composition,
pressure test data, the specifics of heaters, fans and
sensors as well as the timings of the test phases form
inputs to the digital twin. There are a number of aspects
of the test which can be explored via the digital twin:

e How long will it take the building to reach an
appropriate initial starting state?

e How much heating capacity is needed in each room to
reach the set point in an agreed timeframe?

e How much time is needed to saturate the building
structure and reach stability suitable for cool-down?

e How many hours are needed for the cool-down phase?

e How much might timelines need to be adjusted for
unexpected weather conditions or equipment failures
require a restart of the test.

e Expected temperatures and heating demands during
the test (to trigger alarms if not matched).

e What is an optimal time to start the test to ensure
access to switch off and re-deployment of fans and
heaters while ensuring fagade faults are detectable by
an IR survey and can be carried out prior to sunrise.

Once the form and composition of the model are in place,
it is necessary to characterise the leakage characteristics
of the building. Some simulation tools allow a pressure
test blower or a fixed SOPA pressure to be defined so it is
possible to make a digital twin of the pressure test (Figure
5). The key point of the Pulse regime is to go beyond the
usual assumptions when calibrating the digital twin to
match the observed SOPA flow. The faults noticed via the
smoke traces during the pressure test need to be separately
included in the description of leakage paths and will be
the first items to be tweaked during pre-deployment
calibration as well as post-test calibration tasks.

Figure 5: Virtual blower door included in flow network.

Heating phases

One goal is to deploy specific heating capacity so that all
rooms reach the set point temperature at roughly the same
time and that the time-frame is in the order of 4-8 hours.
Excess capacity will make it difficult to ensure that
internal mass has absorbed the heat. Insufficient capacity
risks not reaching the set point or causing the experiment
to overrun. Typically, a range of heater capacities from
500W to 3.5kW is required. In order to reduce the risk of
circuit faults and to ensure good distribution of heat
within large rooms it may be necessary to use multiple
2kW heaters.
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The ‘maintain setpoint’ phase is characterised by
intermittent heating. For simplicity, with the ON/OFF
control deployed in the building the digital twin needs to
use an ON/OFF controller and the simulation timestep
needs to be short (typically 1-2 minutes) to match.

Cool-down phase

The decay in temperatures as the heaters and fans are
turned off is a key phase that stresses the simulation tool’s
coupling of heat flows between surfaces and the air, plus
how heat embedded in the building structure is
distributed. In the real building this transition is usually
more gradual than in the digital twin, perhaps because the
default heat transfer coefficients underestimate the heat
flow at elevated temperatures.

Identification of faults

Practitioners often create models based on the assumption
that the building composition matches the construction
documents. The prevalence of words such as ‘snagging’
to describe imperfections in the construction process
suggests the need for simulation models to include
alternative constructions to reflect substituted materials,
differences in insulation thickness or thermal bridges.
Careful planning of the experiment is needed to
coordinate with IR surveys (as in Figure 4). Smoke fault-
tests during pressure testing also helps to identify where
such alternatives might be applied. A fagade with a rain-
screen will pose difficulties as the fault will be difficult to
capture but an internal IR survey under the extreme
conditions of the test is also problematic. A skilled IR
tester will also be able to identify faults which are likely
to be from air movement and this can be combined with
observations during pressure tests to further identify the
characteristics of faults.

Evolution of the experimental regime

Early deployments of the experimental regime identified
a number of key requirements:

Infiltration is a critical unknown. The use of user imposed
fixed infiltration rates transitioned to the inclusion of
leakage characteristics in the model from site
observations so that infiltration could be solved. The
regime was then evolved to include a virtual pressure test
to fine tune the leakage characteristics.

The inclusion of a design-of-experiment phase which
forces the early creation of simulation models provides
useful insights into the experiment to be carried out as
well as clarifying the geometric and thermophysical
resolution of the simulation model. It also generates an
expected time-line of room temperatures and heat inputs
to reference as the experiment progresses.

Simulation challenges

Design of experiments is a niche topic and may require a
number of iterations to establish the level of detail needed
in the model to accommodate an experiment regime. For
example, default to heat transfer correlations are
inappropriate for phases of a Pulse Test when fans are
active. And if heat transfer coefficients assumed high
velocities the match was poor when the fans were off.
One of the software interventions required was to support

different schedules of heat transfer regimes for each phase
of the test.

Translating observed, but indicative, faults in a building
into specific modifications within the simulation model is
also a niche topic. While it is possible manually iterate
across a matrix of alternatives to identify better fits
calibration tasks are, perhaps better treated as a number of
uncertainties that are explored via Monte-Carlo
techniques.

Case Studies

The authors have deployed Pulse Tests in a number of
projects. The simulation suite ESP-r (ESP-r 2021) was
used in each, although the method could be supported by
any number of simulation tools. In this section we review
what has been learned.

First case study

This deployment involved a terrace of typical UK house
types constructed for research purposes at an Innovation
Park in Liverpool at Liverpool John Moores University
(LIMU 2016) (Figure 6). Each of the houses represents a
different construction epoch 1930s 1970s and 2000s. This
implied substantially different heating capacities in each
case, relating to the building standards at the time. The
client objective was to further evolve the terrace for
research purposes through the use of a digital twin of the
terrace to explore options. To gain confidence that such a
digital twin could capture the performance differences in
the various epochs a Pulse Test was commissioned. The
three houses were also to be tested simultaneously. Early
access to construction details and creation of the digital
twin (Figure 7) was key to establishing the specific mix
of heaters, heat distribution fans and sensors.

This Pulse Test included an IR survey, which highlighted
implications as to the type and location of heaters. As seen
in Figure 8, a static floor position yields hot surfaces
rather than directly warming the air. If placed close to
walls the heat leakage was clearly seen to be concentrated
on the outer fagade. A single oscillating fan in a room may
not counteract such concentrations unless it is carefully
placed. Those deploying other testing regimes may wish
to update their procedures to reflect these observations.

The IR survey also highlighted thermal bridges (lower left
of Figure 8). Representing such features in a digital twin
is often beyond the resources of a project but should be
expected when dealing with older buildings. This project
also explored the use oscillating fans to increase the
mixing into small adjacent spaces and passages.

Figure 9 shows some of the digital twin predictions. The
slow response to heat inputs is indicative of older epoch
constructions due to higher thermal mass. Because the test
was being carried out when the ambient temperature was
~15-18°C it was necessary to increase the setpoint to
42°C.

How one proceeds to calibrate a digital twin depends on
the end use of the model. In this project the intent was to
gain confidence that the digital twin responded similarly
to the experiment with regard to changes in heat inputs
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and that the performance differences between the
construction epochs were also reflected in the digital twin.

One of the benefits of matching the actual and virtual
sensor placements and including room-by-room
monitoring is that differences in temperatures or heat
inputs help focus attention.

In the event, only minor adjustments to the model were
required and the project did not carry out a formal
calibration using Monte Carlo methods.

One of the rooms in the 1930s epoch had a heater fault
and this was replicated in the digital twin. After
calibration the digital twin tracked the experiment
reasonably well (Figure 11) with the exception of the first
few hours of the cool down period. This was traced to the
timing of the heat transfer coefficients change between
fan operation and fan off periods. It pointed to the need to
revise the software to allow for more complex directives
on heat transfer switching.

Figure 7: Digital twin of terrace.
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Figure 8: observations during test sequence.
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Figure 9: Temperature predictions in 1930s as heat applied.

Second case study

Long term monitoring of 20 houses to evaluate the
efficacy of different construction techniques is a daunting
prospect. The case study focuses on the alternative of a
Pulse Test leading to a robust digital twin to evaluate
efficacy. It involved a phased deployment of Pulse tests
in a new-build project in the north of England.

One of the digital twins is shown in Figure 1. As the
different construction techniques involved substantially
different levels of internal mass items like stairs were
explicitly rendered. Fagade elements such as trickle vents
and locations of extract fans were also included explicitly.
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Figure 10: Surface temperature response during modern epoch
heating.
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Figure 11: Digital twin prediction of experiment in terrace
houses.

Initially the design of the experiment aimed to undertake
the multiple tests in a 20-day sequence with the cool-
down and preconditioning phases overlapping in
subsequent clusters of houses. In reality, the construction
team was unable to accommodate this schedule and the
work proceeded in three different tranches.

This project illustrated the importance of the initial
design-of-experiment stage. When temperatures or
heating patterns diverged it signalled the need for checks
i.e. a faulty heater, a fault in the building or incorrect
details in the digital twin.

Access to pressure test data and interviews with the
testing staff provided indicators of systemic faults, which
could be represented within the leakage paths of the
digital twin. Achieving a good overall match at S0PA
does not guarantee that each rooms leakage is correct.
Observations that the impact of a missing threshold could
be replicated in the digital twin helped gain confidence in
the approach but also hinted that faults in high
performance fagades can have substantial impacts.

Reducing differences between measurements and
predictions required a number of iterations to fine tune
constructions. There are many possible approaches, in this
case the author used visual pattern matching between
measurements and predictions to identify likely causes. In
many cases differences proved to be ‘the usual suspects’.

In one case the upper rooms were not responding as the
design-of-experiment suggested (the desired temperature
was not being reached). Inspection revealed insulation
was missing from an attic. In another a missing threshold
was found to be the source of differences (including the
fault in the leakage description of the digital twin resulted
in a good match).

Where differences remained after such obvious faults had
been dealt with, the next step was inevitably to review
documentation and for a third party to review the model.

The other artefact of a Pulse Test is that the coupling
between the heated air and surface temperatures is high
when the fans are operational. The step response in the
digital twin is indicative of the efficacy of the heat transfer
coefficients selected. It quickly became clear that two
states of the fan required different regimes and a couple
of tests to dial-in suitable values.

The purpose of the digital twin in this project was to
explore which of the construction techniques might be
usefully carried forward into other projects and also to
determine if there were optimal fits between construction
type and heating systems. Achieving a reasonable match
of the experiment would increase confidence that the
response characteristics of the various constructions had
been captured and the predictions might be used as an
alternative to long-term low-resolution monitoring.

The resulting match between the test and the virtual twin
are seen in Figure 12. It is, in many ways, typical of a
pragmatic match between experimental measurements
and simulation predictions. The Pulse Test is focused on
the response to the step changes in heating as well as the
intermediate period when the set point is being
maintained. The graph focuses on two rooms. The green
lines are associated with an upper level bedroom, the solid
line being predictions and the dotted line measurements.
The ramp-up is broadly in agreement as is the maintain-
temperature and the cool-down phases. The orange lines
relate to an open plan living space with significant
connections to an adjacent kitchen and a stair.

The graph includes a heater fault which is imperfectly
represented within the digital twin (there is a timing
difference and the digital twin recovers from more
quickly than was observed in the experiment. It might be
that adjacent spaces influenced the experiment in ways
which were not well represented in the digital twin. The
other observation is that the actual heaters have a less
perfect control in comparison with the digital twin. For
purposes of the project the digital twin was considered to
have captured the essential characteristics of the house
and repurposed (the controls and trickle vents reset for
normal use) for the requirements of the project.

A Pulse Test could be deployed in with additional types
of sensors in greater numbers so that there could be more
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points of comparison with the digital twin. Such an
approach might be particularly amenable to formal
sensitivity studies.

Pulse Test - Measurement vs Predictions
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Figure 12: Measurements vs calibrated simulation.

Conclusion

The case studies provide evidence of the evolution of the
methods and experimental process of the Pulse Test.
Especially in the case of high-performance buildings the
higher heating set point has allowed minor faults in
buildings and digital twins to be exposed. The benefits
from including pressure tests and IR surveys to assist in
fault detection and fine-tuning of digital twins is an
important finding.

While it requires a pedantic approach on the part of the
simulation team to create digital twins, the availability of
a rich set of monitored data provides many opportunities
to fine tune simulation models and build confidence in
their predictions. Enforcing design of experiment also
allows the experiment to be quickly re-designed to
respond to altered conditions on site.

The nature of the interventions required for calibration
resulted in upgraded guidance for the design of digital
twins as well a revision to the simulation software
treatment of heat transfer coefficients and model reporting
facilities.

Although the Pulse Test uses more measurement points
than is typical in some monitoring exercises it falls short
of the standards set in formal validation studies. The
authors would recommend it for consideration within
validation studies due to its focus on dynamic response
characteristics of models.

Lastly, Pulse Tests have been carried out in winter and
transition seasons largely because monitoring electrical
resistance heating is straightforward. As ambient

temperatures rise above 12-15C it is problematic to
maintain a sufficient AT. It would be interesting to
explore how the idea of a Pulse Test could be applied in a
cooling context. Generating a sufficient AT and tracking
heat extraction would certainly be a challenge on the
experimental side but the simulation side would be
straightforward.
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