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Abstract

Energy flexibility, defined here as demand modifica-
tions provided by buildings, can offer major bene-
fits to the wider energy system through demand re-
sponse. In demand response schemes contributions
made by participants are measured against baseline
demand profiles. This paper presents results from
comparing different baseline scenarios and their re-
spective uncertainties. The analysis was done using
data from experiments where MPC was used to re-
spond to demand response events during mornings
and evenings in a testing facility of matched semi-
detached houses in the UK over 11/2019-1/2020. The
results showed that a prevailing baseline methodol-
ogy used in demand response had high uncertainty
compared to baselines calculated using data-driven
modelling techniques. High uncertainties were found
to limit the verifiability of small demand reductions
provided by the houses. The matched house experi-
ments made it possible to directly compare the energy
demand profiles between the two houses.

Introduction

Building energy flexibility, the ability to respond to
changes in the energy system, could play a significant
role in reducing greenhouse gas emissions. Approx-
imately a third of energy is consumed in buildings
in the UK, most of which to run heating, ventilation
and air conditioning (HVAC) systems (BEIS, 2018).
Increasing solar and wind power generation capac-
ity and electrification of heating demand with heat
pumps is a plausible pathway to significantly reduce
carbon emissions. Intermittent renewable energy gen-
eration and electricity demand have already increased
the value of flexibility (Jensen et al., 2017). Flexibil-
ity is typically used through demand response (DR)
programmes where participants are offered incentives
in exchange for modifying their demand or genera-
tion. Using advanced controls, HVAC systems and
building thermal fabric can be used to aggregate con-
tributions buildings for DR without additional stor-
age, like batteries or hot water tanks. The prevailing

way of using rule-based control (RBC) strategies to
deliver a single operational set-point in a building is
inadequate for pursuing multiple objectives, such as
comfort, energy efficiency and DR. Model-predictive
control (MPC), where building models and optimi-
sation are used to produce optimal control decisions,
has been found promising to pursue various objectives
simultaneously (Nolting and Praktiknjo, 2019). MPC
research so far demonstrates how it can improve en-
ergy efficiency, but the savings can be relatively low,
even with variable energy pricing (Nolting and Prak-
tiknjo, 2019). Partaking in DR programmes could
provide the added value necessary to make the roll-
out of advanced controls economically attractive.

Background

For DR schemes in buildings, ways to verify and quan-
tify contributions by participants is important. This
is typically done by agreeing energy demand base-
lines which represent a counter-factual scenario of
how the building would have operated without DR
events (Woolf et al., 2014). These baselines are sub-
ject to several sources of uncertainties that affect their
interpretation: 1) measurement errors, 2) uncertainty
involved in modelling thermal response and 3) uncer-
tainties from data, assumptions and forecasts used
as basis for calculating the baselines. The uncertain-
ties are important because high uncertainty affects
whether changes in building operation can be verified
or not. Work by Mathieu et al. (2013) quantified un-
certainties associated with different quantifiable met-
rics related to DR, such as shed load, rebound and
peak demand using regression models as baselines.
The analysis however did not compare uncertainties
associated with different baseline scenarios, or investi-
gate implications of the uncertainties in the context of
using MPC. MPC techniques have been introduced to
cope with uncertainties, but the focus in these studies
has been on ensuring optimal operation of the con-
troller when facing uncertainties without investigat-
ing effects of uncertainties in the context of flexibility
(Maasoumy and Sangiovanni-Vincentelli, 2016).

Findings from recent research on using RBC or MPC



in buildings to deliver flexibility are reviewed briefly
next. A substantial body of research exploring the
potential of MPC to deliver energy flexibility is
simulation-based, rather than experimental (Killian
and Kozek, 2016). The potential of MPC for DR has
been demonstrated in experiments. For example, a
hierarchical MPC was implemented in two commer-
cial test cells to demonstrate its effectiveness for fre-
quency regulation by using a cooling system (Vrettos
et al., 2018). The amount of capacity provided for
frequency reserves varied between 0.74-46% of total
fan capacity. The match-pair set up allowed mak-
ing comparisons by measuring energy demand in both
buildings.

Aim and contribution

This paper presents results from experiments in a
match-pair of semi-detached houses using MPC to
deliver a simplified demand response scheme. The
aim of the paper is to analyse the uncertainties in-
troduced by forecasting, modelling and measurement
on different baseline demand profiles when delivering
flexibility. The paper shows how a MPC strategy us-
ing data-driven building modelling was used to create
baseline predictions which were used to evaluate the
contributions made by buildings in response to calls
for demand response. The matched pair test houses
enabled inclusion of a measured energy demand base-
line from a near-identical building into the analysis.
The paper presents methods to analyse the uncertain-
ties with a discussion and conclusion to guide future
research endeavours.

Methodology

Matched pair experiments

The matched pair of unoccupied semi-detached
houses at Loughborough University, UK was used in
experiments where a MPC strategy delivering flexi-
bility was implemented using electric heaters. The
matched pair facility comprised of two-storey south-
facing brick-built semi-detached houses, a relatively
typical sample from the UK housing stock. Several
measures were taken to ensure that the houses were
as similar as possible, for example blocking side win-
dows facing east and west, removing furniture from
the homes and blocking infiltration pathways like taps
and sinks. More details about the facility can be
found in work by Roberts et al. (2018). To measure
local weather, a mast with instruments for measuring
wind speed and direction, and solar irradiation was
installed next to the houses. A thermistor was placed
outside to measure local outdoor air temperature.
All sensors were connected to Datataker dataloggers.
The indoor temperatures and weather measurements
were taken every 20 seconds. To measure the electric-
ity consumption, Z-Wave enabled Horstmann elec-
tricity meters which updated their power measure-
ments once per minute were used.

Experiments with demand response

To test the use of a MPC strategy for delivering de-
mand reductions and to quantify the respective un-
certainties in energy demand baseline scenarios, a se-
ries of experiments was performed. The experiments
subjected one of the houses to an energy demand re-
duction request for a period of time in both mornings
and evenings, while the other house was left to op-
erate in energy minimisation mode without demand
reduction requests to act as a measured baseline. To
account for differences between the houses, the en-
ergy demand reduction requests were swapped from
one house to the other every two days. The time
period where either one of the houses was the one de-
livering flexibility was two days, after which the other
house was set to deliver the demand reductions and
so forth.

Data gathered over a morning DR event on the
26.1.2020 was analysed to compare the uncertainties
in each baseline scenario. In the mornings, reduction
request of 4.5 kW was made at 6:00 and the period of
reduction was 8:00-9:00. The preparation time before
DR calls was two hours for the MPC to give it time to
prepare to the call beforehand, if seen fit by the con-
troller. The prediction horizon of the MPC was four
hours, meaning the optimisation was performed over
120 two-minute time-steps. Table 1 shows the main
inputs and premises used for the MPC operation over
the duration of the experiment.

Table 1: Input parameters used with the MPC in the
experiments.

Input parameter Value

Control time-step [min] 2
Optimisation horizon length [h] 4
Cost of comfort, r, [ £

◦Ch
] 1000

Cost of flexibility, f , [ £
MWh

] 250
Cost of energy, p, [ £

MWh
] 50

Temperature bound over occupied hours, 7:00-
11:00, 16:00-23:00 [°C]

21-22

Temperature bound over unoccupied hours [°C] 16-25

The time period chosen for presentation of the results
was deemed as a typical morning for the time of year
in England. The solar irradiation was low from 6:00-
10:00, the measured average was 32 W/m2 and the
mean outdoor temperature was 7.3 °C. Wind speeds
were low, on average 3.7 m/s. The day was within a
period when experiments were running uninterrupted
and there were no detectable failures in measurement
or control equipment. The homes were also deemed
to thermally be in similar states since they had been
operating with the same strategies for several days
before the day.

Model-predictive control strategy

The MPC problem is presented in equations 1-5. The
problem formulation was similar to the one used by



El Geneidy and Howard (2019). The problem was
formulated as an economic MPC where the objective
function (eq. 1) was minimised over the control hori-
zon spanning n time steps in total. γi is the energy
input to the space and pi the cost of energy.

min. P =

n∑
i=0

(γipi − αifi + εlowi r + εhii r) (1)

γi + αi = γrefi ,∀i = [0, ..., n] (2)

θini = f(θini−j , γi−l, T
out
i−k),∀i = [1, ..., n] (3)

θini + εlowi ≥ T low
i , εlowi ≥ 0,∀i (4)

θini − εhii ≤ Thi
i , εhii ≥ 0,∀i (5)

α is a decision variable for flexibility which is the devi-
ation to a reference profile γref which was based on a
projection by the MPC made before the call for DR.
Equation 2 describes the principle, when operating
below the reference profile α is positive and multiplied
in the objective function by the cost of flexibility, fi.
When flexibility is needed, fi has a positive value,
otherwise it can be set to zero. fi acts symmetrically
also as a penalty if the reference profile is exceeded
when flexibility is needed, since α is then negative,
increasing the overall value of the objective function.
Variables εlow and εhi together with r penalise the
controller for violating the lower and upper temper-
ature bounds. They have been formulated as slack
variables. For example, when the lower temperature
bound is violated, εlow becomes positive, increasing
the objective function value. The same principle ap-
plies with εhi.

The chosen strategy was intended to enable the MPC
to deliver flexibility by responding to changes in f
by incentivising the controller to reduce demand as
much as possible during times of DR without trading
off too much comfort or energy efficiency. Ultimately
these trade-offs are defined by the relative differences
between the costs pi, fi and r.

Equation 3 is a linear AutoRegressive model with eX-
ogenous inputs (ARX-model) which is a data-driven
model relating the house indoor temperature with
outdoor temperature and heat input. Strength of
ARX-models is in their linearity, identifiability by us-
ing techniques derived from statistics and the versa-
tility they provide. The parameters chosen for the
identification were heat input and indoor and out-
door temperatures. From weather variables only out-
door temperature was chosen for the MPC, because
forecasts were available for it by the British Met
Office. The identification was performed with the

statsmodels-package in Python (Seabold and Perk-
told, 2010). To narrow down the search space of op-
timal parameter values and their respective lags, a
systematic approach introduced earlier by El Geneidy
and Howard (2019) was used. The system iden-
tification for identifying the ARX-model structure
and initial parameter values was done by using a
dataset gathered 15.11.-5.12.2019. The final ARX-
model configuration consisted of the following param-
eters and respective lags for both buildings: θin lags
= [1 − 4, 10, 20, 30, 40, 50], T out lags = [30], γ lags
= [0, 1, 2, 3, 4].

Implementation of controls

To implement the linear continuous MPC strategies
with on-off control, an approach to use MPC to con-
trol the time the heaters were turned on and off was
adopted, where rather than controlling power, the
MPC was set to control the heat input. The control
variable was the average power input over two min-
utes. For each control time-step the heater was either
turned on or off for a proportional time to the aver-
age power input calculated by the MPC for the first
time-step. For example, with the maximum power
input being 9 kW, in case the MPC would calculate
the optimum control action to be a power of 4.5 kW,
the heater would be kept on for 60 seconds and then
turned off for 60 seconds during the two-minute con-
trol horizon.

Baseline uncertainties

Four different baseline scenarios were constructed
to understand their effect on the flexibility. These
scenarios were constructed from data collected over
12/2019-1/2020 from the matched pair experiments
described above. The scenarios can be framed as an-
swers to the following questions: 1) What was the
contribution compared to a British industry standard
energy demand baseline?; 2) What was the contri-
bution potential against demand projections foreseen
in situ by a MPC?; 3) What was the contribution
when using modelled energy demand baselines after
the event? and; 4) What was the contribution com-
pared to a measured baseline from match-pair build-
ing? The following subsections present how baseline
uncertainties were evaluated for each of the four base-
line scenarios.

Total uncertainty in baseline comparisons

To evaluate flexibility contributions of buildings in
relation to different baselines, F (t), the difference
between each baseline and the measured power con-
sumption was calculated using equation 6, where P (t)
is measured power demand and B(t) is the baseline.
A positive value means the baseline is exceeded and
a negative value corresponds to reduced demand.

F (t) = P (t)−B(t) (6)

Assuming that the uncertainties in the baseline and



the measured energy demand are independent of each
other, the total uncertainty is then represented by
equation 7, following the Guide to the Expression
of Uncertainty in Measurement (GUM) (Kirkup and
Frenkel, 2006). UP is the uncertainty in the power
measurement and UB is the baseline uncertainty. The
definition of the measured baseline and a description
of how the measurement uncertainties were calculated
is provided in the subsequent sections.

Utot(t) =
√
UP (t)2 + UB(t)2 (7)

When using predictions made by models to calcu-
late UB , out-of-sample data was used, meaning data
used to identify the models was not used. Further-
more, data used to determine the uncertainties did
not overlap with the period presented in the results.
The general approach was to calculate the standard
deviations (σ) of residuals between baseline projec-
tions and the realised demand. Assuming normal
distribution of errors, the 95 % confidence intervals
were then calculated by multiplying the standard er-
ror with a coverage factor to determine the overall
error, as shown in equation for baseline uncertainties
UB 8 (Kirkup and Frenkel, 2006)[p.165].

UB(t) = 1.96× σ(t) (8)

Industry standard baseline

For comparison, the industry standard baseline
methodology was chosen to be so-called High-Five-of-
Ten (HFoT) which has been used to evaluate contri-
butions by buildings participating in the Short-Term
Operating Reserve (STOR) in the UK (Woolf et al.,
2014). A daily baseline is first calculated for 24-hour
periods by calculating the mean energy demand over
five days with highest energy demand over the most
recent ten days of normal operation. The daily base-
line is then adjusted every half-hour to the moving
average of energy demand over the past two-hour win-
dow ending 30 minutes before current time if the mov-
ing average is higher than the daily baseline.

The uncertainty associated with HFoT was deter-
mined as the 95% confidence interval calculated
from differences between realised demand and HFoT-
baselines over 15.-22.1.2020. The days when DR was
called for were excluded from the set of days used to
calculate the daily baseline. For some days, ten repre-
sentative days did not exist to determine the baseline.
For these days the daily baseline was still calculated,
but the set of days used to choose the highest five
days of demand was less than ten. This was deemed
justified in the context of the experiments to be able
to make reasonable comparisons with the gathered
data.

Projected in situ baselines

To understand the uncertainties in the in situ pro-
jections made by the MPC, the 95 % confidence in-

tervals for power projections were calculated from
data gathered 17.-24.1.2020. The uncertainty over
time was calculated by determining standard devia-
tions for each prediction time-step from the residu-
als between the predicted and measured power con-
sumptions. These uncertainties for two-minute pre-
dictions were then adjusted for mean power consump-
tions when reporting results by calculating the uncer-
tainty over the mean of the predictions assuming their
normal distribution. Projections made 2:00-6:00 and
12:00-16:00 were omitted when calculating the uncer-
tainties to omit effects of DR calls that changed the
operational premises of the MPC and hence would
have affected accuracy of the power projections.

Analysis of the measured data showed that the
minute-by-minute power measurements were discrete,
which was not captured by the models. Uncertainty
due to instantaneous power readings provided by
the electricity meter were evaluated by using for-
mula for calculating standard deviations of uniform
probability density functions (Kirkup and Frenkel,
2006)[p.134]. Since the uncertainties for the projected
in situ baselines, and in fact also the modelled a pos-
teriori power predictions, were calculated by compar-
ing the measured data with the model predictions, the
overall estimate of the error was seen to incorporate
this phenomena. To produce conservative estimations
of overall uncertainty this error associated with the
behaviour of the meter was also applied to the mea-
sured baselines to factor in the possibility that the
power consumption might have in reality been some-
thing else than what was recorded.

Modelled a posteriori baselines

To quantify the uncertainty introduced by modelling
of the systems on the predicted power baseline, the
model performance was evaluated using a set of mea-
sured data before the experiments. To evaluate the
uncertainty in modelling energy demand, an ARX-
model with the exact same parameters as in the main
set of experiments was identified, where the depen-
dent variable was power instead of indoor temper-
ature. Data gathered from RBC operation 15.11.-
5.12.2019 was used to identify the power prediction
model, which was the same data used to identify
building models for the MPC. Using this model, its
performance was evaluated using data of MPC oper-
ation 17.-24.1.2020. Overall approximately 6048 pre-
dictions were used in the analysis. The weather was
assumed to be perfectly known to omit effects of the
uncertainty introduced by the weather forecasts to
quantify the uncertainty introduced by modelling to
differentiate the case from the in situ projection rely-
ing on forecasts.

Matched house baseline

Indoor and outdoor temperatures as well as power
measurements were made during the experiments.
For power readings a relative uncertainty of 3.0% was



applied, the tolerance for class 2 electricity meters
(BSI, 2018). To factor in possible errors from un-
foreseen effects when evaluating the uncertainties of
average values obtained from measurements a conser-
vative approach was used. The uncertainty associated
with individual measurements was also applied to the
means of measured values. In addition to calculating
the uncertainty in the power measurements, the dif-
ference between the houses had to be estimated to
understand how they should be compared with each
other. This was done by performing linear regressions
where one of the homes was set as the dependent vari-
able and the other one as the independent variable.
The data used to evaluate differences between the two
homes was gathered over 11.-18.12.2019, when both
houses were operating with energy minimising MPC
using the same temperature set-point schedules with-
out DR events. As mentioned before, uncertainty as-
sociated with the electricity measurement was applied
in the matched house baselines.

Results

Industry standard

Figure 1 plots the realised indoor temperature and
mean power consumption in the houses along with
the industry standard baseline. The figure shows how
the DR call made house 2 operate at a slightly higher
temperature compared to house 1 during the notice
period. During the DR period an initial reduction
was followed by a rebound as the MPC was main-
taining the indoor temperature within the set com-
fortable bounds. This was associated with the MPC
hitting the lower temperature bound, causing it to
violate comfort for which it was heavily penalised, r
was set as 1000 £

◦Ch . Observing behaviour of the con-
troller over other events during the same week showed
similar pattern, an increase prior to the DR period to
preheat followed by an initial reduction and rebound
when the lower temperature bound was met. This
would suggest that with strict temperature bounds
the available flexibility for long-term demand reduc-
tions in Winter conditions from a standard English
dwelling can be limited as was evidenced in simula-
tion studies by El Geneidy and Howard (2019).

The figure demonstrates how the HFoT baseline in-
creased due to the preheating of the MPC and in-
creased the baseline over the DR period. The daily
baseline in this case would have consistently under-
estimated the demand over the morning period when
heat was needed as the heating was off for large por-
tions of the days. Using the HFoT method resulted in
having the largest uncertainty compared to other de-
mand baseline methods, 3.5 kW in 10-minute mean
power. In case HFoT would be used for evaluating
flexibility contributions of the houses in question, the
contributions made by the buildings could be masked
by the high uncertainty and only large demand re-
ductions would be verified.
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Figure 1: Measured indoor temperatures and energy
demand in both homes plotted along with the calcu-
lated industry standard baseline.

Projection uncertainty in situ

Figure 2 shows how projections made in situ by the
MPC related to actually measured values of power de-
mand with different sampling frequencies. The plots
show the discrete nature of the power measurements,
when the sampling frequency was two minutes, i.e.
two readings from the meter were used to determine
the mean power demand which was also used by the
MPC. As the sampling frequency increased, the pre-
dictions made by the MPC became more accurate.
Analysis from the histograms of errors between the re-
alised and projected demand showed that most com-
mon errors were small, less than 0.1 kW. The be-
haviour of the power reading was a significant contrib-
utor to the overall variance which had implications on
the overall baseline uncertainty. But, the uncertainty
was still deemed significantly lower compared to the
industry standard baseline.
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Figure 2: Scatter plots of realised energy demand and
projections made in-situ by the MPC one hour ahead
presented using different sampling frequencies of the
data.

The discrete power readings show how error was in-
troduced due to the experimental set up. This was
apparent in house 2, with large number of readings
being approximately 0, 4.5 or 9.0 kW when using two-
minute sampling. This phenomenon was attributed
to the operation of the meter itself and how it updated
its power reading value. The meter reads were most



probably instantaneous power readings rather than
average readings over one minute. The 95 % confi-
dence interval attributed to the errors in the mea-
surement due to this were 2.55 and 1.01 kW for two-
minute and ten-minute sampling, respectively. Com-
paring these values to the overall uncertainties cal-
culated for the projections, indicate that these errors
probably represented a significant portion of the vari-
ance between the projections and realised demand.

Error was also caused by lags in the system. When
the heaters were turned on by the MPC for two min-
utes, after waiting for 60 seconds and taking mea-
surement, the measured demand could still be 0 kW,
which was the value before the heaters were turned
on, since the meter had not updated itself. Then
after the first minute another reading from the me-
ter was taken which would show the measured power
as 9.0 kW and result in realised power demand of
4.5 kW over the two-minute period for the MPC. This
however was not what the MPC intended to do and
would have resulted in a prediction error. This error
was captured in the calculated differences between
the projection and realised demand used to estimate
the overall projection uncertainties.

Modelling uncertainty a posteriori

As figure 3 shows, similar to the in situ predictions by
the MPC, the discrete nature of the power demand
introduced variance between predictions made by the
continuous power prediction model and realised de-
mand. Making the predictions a posteriori using the
suggested power prediction model did not reduce the
uncertainty compared to in situ predictions indicating
that the error due to using weather forecasts and pre-
dicting the indoor temperature was minor compared
to errors introduced by the modelling and measure-
ment. This was also confirmed by comparing base-
lines which were calculated using outdoor tempera-
ture forecasts with high and low outdoor tempera-
tures.

0 5
Realised [kW]

0

2

4

6

8

Pr
ed

ict
ed

 [k
W

]

House 1
Mean power over 120 s

0.0 2.5 5.0 7.5
Realised [kW]

0

2

4

6

8

Pr
ed

ict
ed

 [k
W

]

House 1
Mean power over 600 s

0.0 2.5 5.0 7.5
Realised [kW]

2

4

6

Pr
ed

ict
ed

 [k
W

]

House 1
Mean power over 3600 s

0 5
Realised [kW]

0

2

4

6

8

Pr
ed

ict
ed

 [k
W

]

House 2
Mean power over 120 s

0 5
Realised [kW]

0

2

4

6

8

Pr
ed

ict
ed

 [k
W

]

House 2
Mean power over 600 s

0.0 2.5 5.0 7.5
Realised [kW]

2

4

6

Pr
ed

ict
ed

 [k
W

]

House 2
Mean power over 3600 s

Scatter plot, Power model predictions and realised power
Time-step n=30

Figure 3: Scatter plots of realised energy demand and
projections made a posteriori one hour ahead by a
power prediction model over different sampling fre-
quencies of the data.

Matched pair uncertainty

The house not delivering DR, in this case house 1,
acted as the matched house baseline. Measured data
from the houses showed a consistent difference in en-
ergy demand between the houses when mean power
demand profiles were compared. Figure 4 shows scat-
ter plots of mean power demand when varying the
sampling frequency. The comparison illustrates how
the higher sampling draws out the systematic differ-
ence between the homes. With very low sampling,
making proper comparisons at any given time-point
was difficult due to cyclical heat input by the MPC.
While the other house had heating turned off, as it
had reached a temperature appropriate for the MPC,
the other house might have had heating on to keep
the indoor temperature above the lower temperature
bound.
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Figure 4: Scatter plots of mean power demand from
the matched pair houses demonstrating the signifi-
cance of sampling when making comparisons.

Figure 4 confirms the undersampling of the power
measurements, which was found to be due to the
power meter readings being instantaneous rather
than averaged readings over the minute. The de-
viations from the discrete ’bands’ were likely to be
due to timing difference between the readings and the
heaters turning on or off, which was caused by time
lags between the power measurement and its commu-
nication to the controller via the Z-Wave network.

Figure 5 plots the results from regressions between
the mean power demands of the houses. The fig-
ure illustrates how the difference between the houses
became more apparent as sampling was increased.
Above 15-minute sampling (900 seconds) the differ-
ence in energy demand was already consistent as the
high R2-values (>0.9) show.
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Figure 5: R2-values, coefficients and intercepts of
regressions of mean power demand between the two
houses with different sampling frequencies of the data.



To form the matched house baseline from house 1 for
comparisons against house 2, the mean power con-
sumption of house 1 was adjusted using results from
the regressions. The coefficient was 0.88 and bias was
0.60, which were the regression parameters for mean
power over 10-minutes. House 2 was on average con-
suming more power than house 1 in case no adjust-
ments were made. The mean difference in daily en-
ergy demand over 11.-18.12.2019 was 5.42 kWh, cor-
responding to 9.5 % of total consumption of house
1. A similar result was found also by Roberts et al.
(2018) when measuring the difference in the heat
transfer coefficients, the difference was 5.6% (216 vs.
223 W/K, house 1 and house 2 respectively) (Roberts
et al., 2018). The difference in airtightness was found
small, 1.4% (14.9 vs. 14.7 q50 (m3/h/m2 @50 Pa) for
house 1 and house 2 respectively).

Comparison of baseline uncertainties

Figure 6 shows how the realised energy demand in
house 2 compared against all four baseline scenarios
and their respective uncertainties. Table 2 provides
a snapshot from 8:10, after the beginning of the DR
period, to demonstrate how the different baselines re-
lated to each other.

The uncertainties of the industry standard estima-
tion and the modelled baselines demonstrate how the
uncertainties could be reduced by 0.46-1.69 kW, 5.1-
18.8% of the total heater capacity when using the
MPC. However, compared to measurements, using
model predictions introduced significant increase in
uncertainty. The difference between the two base-
lines based on data-driven models, in situ operation
and the a posteriori predictions, show that inaccuracy
in weather forecasts was minor and the power mea-
surement model using same model parameters did not
perform better than the one the MPC used. Measure-
ments allowed making detailed comparisons between
the matched pair houses, but normally this would
not be possible. But even with the matched house
baseline, an adjustment was necessary to account for
variability between the homes and the error due to
the electricity meter had to be factored in, which in-
creased the uncertainties.

Table 2: Values of differences to respective baselines
and the associated uncertainties in the start of the DR
period at 8:10 26th of January 2020.

Time: 8:10 26/01/2020
Scenario Difference

to baseline
[kW]

Uncertainty
[±kW]

Industry standard -3.94 3.53
In-situ projection -2.18 2.15
A posteriori modelling -2.75 3.07
Matched house -4.14 1.35
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Figure 6: Differences between baselines and realised
demand including respective uncertainties which are
marked with grey areas. The green areas indicate the
notice period after the DR call, the red areas mark the
time periods when demand reductions were requested
from the houses.

Discussion

The results provide evidence to support the claim
made under the section Aim and Contribution. Us-
ing data-driven models provided a reasonably accu-
rate baseline for evaluating the contributions made
by buildings. Uncertainty in the baseline can mask
the real contributions made which could be demon-
strated through the experiments. The results show
that using MPC, a demand reduction of less than
2.2 kW, 23.8 % of the overall heating capacity, would
not be possible to verify. As the results show, the
MPC did provide verifiable demand reductions in the
beginning and end of the DR period, also confirmed
with the matched house baseline. It should be ac-
knowledged that using 95 % confidence intervals to
evaluate the overall uncertainties was a conservative
approach, Mathieu et al. (2013) used standard devi-
ations, for example. To reduce the uncertainty found
in power measurements, future experiments should be
designed to account for this source of error.

The results show how more accurate models enable
verification of small contributions made by buildings.
However, when aggregating buildings, the aggregate
error could be proportionally lower when more build-
ings would be used, if errors of the aggregated build-
ings were independent of each other. This could mean
that significantly more accuracy might not in prac-
tice be needed. These propositions would still need
to be validated with more research. More substan-
tial conclusions about the demand reduction poten-
tial in relation to the uncertainties from the matched
house experiment would require further analysis us-
ing a larger set of DR events. To understand effects



of weather and modelling on the performance of the
MPC in terms of flexibility and comfort, data from
a longer time period could reveal how the MPC be-
haved as the time difference between system iden-
tification and the MPC operation increased. More
moderate weather conditions might prove to be more
beneficial in terms of delivering DR making it possi-
ble to observe larger demand reductions in relation
to the baseline uncertainties.

Conclusion

Results from experiments in a matched pair of semi-
detached houses with MPC were used to evaluate four
baseline scenarios and their respective uncertainties.
The four baseline scenarios were an industry stan-
dard high-five-of-ten, projected baseline made by the
MPC in situ, modelled baseline created a posteriori
after the event and a measured baseline which from
the measured energy of house not delivering flexibility
in the matched house. The intention was to under-
stand how uncertainties in each baseline varied and
affected interpretation of contributions made during
a morning DR period on the 26.1.2020.

The results show that a high weight on thermal com-
fort severely limited ability of the MPC to deliver
the full demand reduction requests over the full one-
hour DR period. The response by the MPC was
to preheat the houses before the DR period and re-
duce consumption over the demand response period
as much as possible. The baseline uncertainties were
found to be highest when the industry standard base-
line was used. Data-driven models reduced the un-
certainty but comparisons of various sampling fre-
quencies revealed how discrepancies between reality
and the models had a large impact on the uncertain-
ties. With high uncertainties small contributions by
individual buildings would not be possible to verify.
With the proposed predictive control scheme, the un-
certainty using conservative 95% confidence intervals
was 23.8% of the total heating capacity. Variation in
the uncertainties show how choice of baselines might
affect the range of demand modifications that a party
like an aggregator could actually request and verify
from buildings for demand response.

Acknowledgment

This research was made possible by Engineering and
Physical Sciences Research Council (EPSRC) sup-
port for the London-Loughborough (LoLo) Centre
for Doctoral Research in Energy Demand (grant
EP/H009612/1) and FlexTECC: Flexible Timing of
Energy Consumption in Communities Innovation Fel-
lowship (grant EP/S001670/1).

References
BEIS (2018). Energy Consumption in the UK

(ECUK) 2018. (July), 1–39.

BSI (2018). Electricity metering equipment
(a.c) - Particular requirements, BS EN 62053-
21:2003+A1:2017.

El Geneidy, R. and B. Howard (2019). Contracted
Energy Flexibility Characteristics of Communities
: Analysis of a Control Strategy for Demand Re-
sponse. Applied Energy 263 (January), 114600.

Jensen, S. Ø., A. Marszal-Pomianowska, R. Lollini,
W. Pasut, A. Knotzer, P. Engelmann, A. Stafford,
and G. Reynders (2017). IEA EBC Annex 67 En-
ergy Flexible Buildings. Energy and Buildings 155,
25–34.

Killian, M. and M. Kozek (2016). Ten questions con-
cerning model predictive control for energy efficient
buildings. Building and Environment 105, 403–412.

Kirkup, L. and B. Frenkel (2006). An introduction
to uncertainty in measurement: using the GUM
(guide to the expression of uncertainty in measure-
ment). New York: Cambridge University Press.

Maasoumy, M. and A. Sangiovanni-Vincentelli
(2016). Smart Connected Buildings Design Au-
tomation: Foundations and Trends. Founda-
tions and Trends® in Electronic Design Automa-
tion 10 (1-2), 1–143.

Mathieu, J. L., M. G. Vaya, and G. Andersson (2013).
Uncertainty in the flexibility of aggregations of de-
mand response resources. IECON Proceedings (In-
dustrial Electronics Conference), 8052–8057.

Nolting, L. and A. Praktiknjo (2019). Techno-
economic analysis of flexible heat pump controls.
Applied Energy 238 (December 2018), 1417–1433.

Roberts, B. M., D. Allinson, and K. J. Lomas (2018).
A Matched Pair of Test Houses With Synthetic Oc-
cupants to Investigate Summertime Overheating.
SDAR* Journal of Sustainable Design & Applied
Research 6 (1, Article 4), 4.

Seabold, S. and J. Perktold (2010). Statsmodels:
econometric and statistical modeling with Python.
9th Python in Science Conference (Scipy), 57–61.

Vrettos, E., E. C. Kara, J. MacDonald, G. Ander-
sson, and D. S. Callaway (2018). Experimental
Demonstration of Frequency Regulation by Com-
mercial Buildings-Part I: Modeling and Hierarchi-
cal Control Design. IEEE Transactions on Smart
Grid 9 (4), 3213–3223.

Woolf, M., T. Ustinova, E. Ortega, E. O’Brien,
P. Djapic, and G. Strbac (2014). Distributed gen-
eration & demand side response services for smart
distribution network, Report A7 for the ”Low Car-
bon London” LCNF project: Imperial College Lon-
don, 2014.


	Introduction
	Background
	Aim and contribution

	Methodology
	Matched pair experiments
	Experiments with demand response
	Model-predictive control strategy
	Implementation of controls
	Baseline uncertainties
	Total uncertainty in baseline comparisons
	Industry standard baseline
	Projected in situ baselines
	Modelled a posteriori baselines
	Matched house baseline

	Results
	Industry standard
	Projection uncertainty in situ
	Modelling uncertainty a posteriori
	Matched pair uncertainty
	Comparison of baseline uncertainties

	Discussion
	Conclusion

