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1 Review of related literature for residential and commercial buildings

In the residential sector, regression studies coupling electric meter data with surveys have shown that along with
weather, several factors such as internal gains, a building’s physical characteristics, occupancy, and occupant behavior
affect its energy consumption [1, 2, 3, 4]. Residential meter data have been used for load clustering, customer
segmentation, and building archetype identification, not only for electricity [4, 5], but also for heating [6].

Commercial buildings have not received as much attention as residential buildings and that attention has almost
exclusively been limited to electricity meter data [7]. Temperature is almost ubiquitously included as a predictor in
regression models for commercial building electricity consumption [8]. A recent study suggests that humidity has
a critical role in building’s cooling loads and subsequent greenhouse emissions [9]. A study of chilled water and
steam consumption in commercial buildings on two university campuses in the northeastern U.S. found that outdoor
temperature explained steam consumption but not chilled water consumption [10].

Some approaches have used whole-building electricity meter data to improve simulation models by post-processing
their output for institutional planning [11] and retrofit strategies [12].

In addition to weather, several studies have demonstrated that the Heating, Ventilation and Air Conditioning
(HVAC) control system and control set points have a strong impact on energy consumption. Occupancy-driven zonal
control was shown to reduce annual energy consumption by 7-15% compared to a fixed schedule in a recent simulation
study [13]. Another study laid emphasis on finding alternative means of humidity control to ensure thermal comfort
in hot-humid climate, rather than the conventional practice of cooling the air below its dew point and reheating it
to the desired indoor temperature [14].

Increasingly available on-the-ground measurements such as the ones in this paper bring tremendous added value
to simulation approaches for analyzing energy consumption and efficiency in buildings [15, 16]. They could greatly
enhance the current capabilities of modeling tools [12, 11].

2 Data

In this section, we provide additional information on the cooling consumption data at the individual building and
portfolio levels. Figure S1 shows an example building that follows a weekly operating schedule.

The portfolio-level cooling load is shown in Figure S2 and 2(B). The stacked plot in Figure S2 shows the 7-day
rolling mean of buildings’ cooling consumption in TJ over the five-year period. The Healthcare and Laboratory
buildings make up the major proportion of the total cooling load. Figure 2(B) shows the percentage change in
cooling load intensity of buildings with respect to a change in mean daily outside air temperature.
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Figure S1: An example building that follows a weekly operating schedule. (A) Daily cooling consumption is linearly
related to the mean daily outside air temperature (OAT). (B) Daily cooling consumption pattern over the course of
a week.
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Figure S2: 7-day rolling mean cooling consumption of buildings in the portfolio.
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3 Feature exploration

Figure S3 provides summary data on the considered building portfolio’s climate. The heatmaps show the mean
daily variations in different weather variables recorded over the course of five summers. The mean daily OAT is
lower during the shoulder months (May/September) while July and August experience a greater number of hot days.
Average daily solar radiation is below 225 W/m2 throughout the summer of 2019 and drops even further by the end
of September. The wind speeds remain calm, except in May of 2016 and 2017 and September 2019, when some days
experience light to gentle breeze. On most days during the peak summer months (Jun-Aug), the percentage of RH
remains close to the acceptable thermal comfort level (below 65%). Further, Tdew remains below 18°C (64.4°F),
which means that the air holds little amount of moisture.

Figure S4 shows the distributions of mean daily OAT profiles during the summer season recorded in each year.
Over 95% of mean daily temperatures vary over the range of 14 to 25°C, with an average value of 19◦C. Figure S4-A
shows the empirical cumulative distribution function of mean daily OAT for the summer season (May - September)
during the five-year period of interest. The years 2017 and 2019 experienced some heat waves with an average daily
OAT rising above 25°C (77°F), while 2015 had the largest number of moderately ‘cold’ days with average daily OAT
of less than 15°C (59°F) during the summer. In the remaining years, OAT remained below 20°C (68°F) in about 8
out of 10 days. Figure S4-B through Figure S4-F shows the hourly profiles of OAT colored by mean daily OAT. The
highest temperature recorded in 2017 is 42.8°C (109°F), while the mean daily temperature during that day remained
above 26.7°C (80°F).

4 Feature Curation

We use a three-step feature curation process to process the features and obtain feature sets in each year that could
help explain the buildings’ cooling loads (illustrated in Figure S5). First, we remove features with small variation,
as indicated by computing the standard deviation of data. Second, we repeatedly compute pairwise correlations to
eliminate features that exhibit an absolute correlation coefficient of more than 0.5 with another feature. For instance,
in 2015, the correlation between OAT and RH is 0.65, while Tdew and RH exhibit a correlation coefficient of 0.77. In
this case, only RH is eliminated. In contrast, in 2017, Tdew and wind exhibit larger than 0.5 correlation with OAT,
so both features are eliminated. In the third step, we regress each feature on the remaining features and compute
the corresponding Variance Inflation Factor (VIF). Any feature that has a VIF of more than 10 is removed from the
set. This additional step eliminates the possibility of having two or more features in the feature set of each building
that together could explain a high proportion of the variance in the remaining predictor. However, in our dataset,
VIF of each feature after step (2) remains significantly low, so none of the remaining features is eliminated.

5 Model selection criterion

The one standard-error rule can be used to compare models with different features and choose the simplest model
that has comparable predictive performance as other models. We apply this rule to select the most parsimonious
model for all buildings each year as follows. For a k-fold CV, we first calculate the MSE (denoted by ε) and standard
error (s̄e) averaged over k folds. The cutoff value is computed as ε̄j +

σ̄j√
k

, where ε̄j is the minimum average MSE of

all the models and its corresponding standard deviation is represented by σ̄j . The most parsimonious model among
all the models that have lower CV-MSE than this cutoff value, is the one with the lowest error. For instance, for the
portfolio-level models in 2017, M3 gets chosen out of 4 possibilities, which are tabulated in Table S1.

We also considered the use of R2
adj in determining the optimal model for individual buildings. It was found that

selecting the models based on R2
adj does not alter the estimated responses of buildings at different temperatures (see
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Figure S3: Warm-summer Mediterranean climate as illustrated by the mean daily variations in weather characteris-
tics across years during the summer months (May - September). The x-axis represents the day of the month, while
the y-axis represents the month and year. Tdew and RH represent dew point of temperature and relative humidity
respectively. (A) Outside air temperature: Darker colors represent higher temperatures. (B) Solar radiation. Shoul-
der months receive a lesser amount of radiation. (C) Wind speed: Light to gentle breeze on some days in the region.
(D) Dew point of temperature: Air holds little amount of moisture. (E) Relative humidity stays around 65% during
the peak summer months (June-August). Note that the data for solar radiation prior to 2019 is missing and thus,
has been excluded.

Figure S6). However, the model selected using the one standard-error rule requires fewer features to characterize
cooling consumption with a comparable performance.
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Figure S4: Distributions of outside air temperature. (A) Empirical cumulative distribution function for outside air
temperature in different years. (B) - (F) show hourly temperature profiles colored by mean daily temperature in
2015 through 2019.

6 Model cross validation

We choose three CV error metrics, CV-R2, CV-RMSE, and CV-MAPE to quantify the performance of selected
models. Using the CV-based model selection criterion outlined above, we choose the best parsimonious model Mn

opt

for nth building, where n ∈ N. The average CV error metrics over the training and testing data are plotted against
the fraction of modeled load in Figure S7. The fraction of modeled load is obtained using the expression given in
Section . The training CV-R2 stays above the 0.7 threshold for about 92% of the modeled load, while for the testing
CV-R2, this percentage of load drops to 65%. The CV-RMSE and CV-MAPE remain comparable for the training
and testing periods.

7 Model Evaluation Metric

The performance is evaluated using the R2 statistic. The Akaike and Bayesian Information Criteria (AIC and BIC)
were also considered as performance criteria during model selection but did not significantly affect our results (see
Table S1). The table shows the portfolio-level model selection and evaluation error metrics in 2017. Notice that
even though both M2 and M3 have the CV R2

adj value of 0.94, the most parsimonious model is M3. Evaluating the
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Figure S5: Feature curation process as referenced in Figure 6.

Table S1: Model Selection and Evaluation. Using the Cross-Validation (CV) Mean-Squared Errors (CV-MSE) to
determine the most parsimonious model for all buildings with low CV error and retraining the models on the whole
dataset to evaluate them using R2, Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC)
metrics. Note that Nobs stands for number of observations, while M0 through M3 represent different models.

Model
Model Evaluation Model Cross-Validation

Features
Nobs R2 AIC BIC CV-R2

adj CV-MSE (test)

M0 153 0.91 -353 -347 0.91 0.0897 [temperature]
M1 153 0.92 -372 -363 0.92 0.0675 [temperature, RH]
M2 153 0.94 -407 -399 0.94 0.0648 [temperature, Weekend]
M3 153 0.95 -423 -411 0.94 0.0521 [temperature, RH, Weekend]

Table S2: Performance of buildings at the portfolio-scale.

Level 2015 2016 2017 2018 2019

All Buildings 0.94 0.96 0.95 0.94 0.90
Offices/Classrooms 0.92 0.94 0.89 0.87 0.75

Housing 0.78 0.81 0.78 0.77 0.74
Labs 0.94 0.94 0.92 0.89 0.90
Music 0.68 0.93 0.92 0.84 0.79

Library 0.88 0.81 0.80 0.79 0.76
Sports 0.75 0.89 0.70 0.79 0.81

Health care 0.88 0.33 0.91 0.90 0.86
Other - - - 0.78 0.76

performance of this model on the summer-long data, R2 turns out to be 0.95.
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Using the features in Mn
opt, we retrain the selected model on the entire summer data of each year. The performance

of the retrained model is evaluated using R2 in Figure S8 for all years, which remains comparable over the years
at the portfolio-level. Table S2 compares the results at the portfolio-scale. The buildings that house laboratories
(“Labs”) exhibit the highest R2 in all years, while the proportion of load explained in “Housing’ buildings is the
lowest. The buildings in the “Other” category were constructed in 2018, which is why the previous years have no
data. It is worth mentioning that the predictive performance of log-linear models remain on par with linear models
(see Figure S9), but for the ease of interpreting the model coefficients, we used log-linear formulation in this work.

8 Feature sensitivity test

We use the model estimates to determine how sensitive the cooling loads are to variations in each feature. Defining
the base load intensity at 18°C (64.4°F) and average values of other features on a weekday (weekend indicator =
1) as the base case, we record the variations in cooling intensity by varying each feature, one at a time, from its
minimum to maximum limit while keeping other features fixed at their mean values.

Figure S10 shows the corresponding tornado chart for the top 42 buildings with the highest R2 in 2017. The
x-axis shows the daily cooling consumption, while the y-axis shows different features. The base case is denoted by
the dotted line. The width of the bars indicate the influence of each feature on the cooling load intensity, that is,
the bigger the width, the higher the sensitivity of each feature. The max-min variations for each feature besides the
weekend indicator are shown in blue and red colors respectively. The weekend indicator is a binary variable which
is why we only show the change in cooling consumption on the weekend with respect to the base case (weekday).
As shown, temperature is the most important feature for all buildings. For large-sized buildings, RH seems to be
the next important feature, while for small-sized buildings, Weekend indicator is the second most important feature.
Further, notice that some buildings are only affected by temperature and other features seem to have no influence
on the cooling load intensity.

We plot the tornado chart at the category-level of buildings in Figure S11. At the portfolio-level, besides temper-
ature, the cooling load is sensitive to variations in RH, weekend indicator, and solar radiation. The remaining three
features do not make any significant impact on the cooling load. Comparing different categories, some buildings are
affected more by temperature variations than others. After temperature, RH is the next important feature for all
categories except Healthcare and Offices and Classrooms buildings, the latter of which are impacted more by the
weekly operating schedules.

9 Feature importance in other years

Figure S12 shows the significance of sequentially adding features to the baseline model (that uses just outside air
temperature to predict the cooling load) in all years. Figure S12(A) illustrates the number of buildings that choose
a given feature in each year. Temperature gets picked by buildings all the time (note that there were fewer buildings
in 2015 than in 2019). Weekend indicator is the next important feature that is selected by more than half of the
buildings, however, its importance varies across the years. The data for solar radiation is not available in 2018, which
is why it never gets picked up by any building. In contrast, the data for RH is available in other years but it gets
excluded from the feature set due to having a high (negative) correlation with temperature. The remaining plots
(Figure S12(B) through Figure S12(F)) plots the impact on the model performance of subsequently adding features
to the baseline model in each year.
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10 Variation in estimated coefficients

Figure S13 identifies the effect that building size has on the estimated model coefficients. As shown in Figure S13,
there is no correlation between the building size and the estimated coefficients. Additionally, most small-sized Offices
and Classrooms buildings have smaller base load intensities, while the Laboratories and Healthcare buildings are not
only bigger in size, but they also consume more cooling at 18◦C. Figure S14, Figure S15, and Table S3 supplement
the discussion in Section .

Table S3: Quantifying the statistical significance of variation in estimated base load intensity and temperature
sensitivity of buildings within a certain category over years.

Type
Temperature Sensitivity Base Load Intensity

Year-1 Year-2 t-statistic p-value Year-1 Year-2 t-statistic p-value

Offices/Classrooms

2015 2016 -3.8555 0.0004 2015 2016 2.0462 .0477
2016 2017 0.7264 0.4721 2016 2017 -0.6475 0.5212
2017 2018 -0.6827 0.4989 2017 2018 0.2303 0.8191
2018 2019 1.7329 0.0912 2018 2019 -0.9440 0.3512

Labs

2015 2016 -4.0312 0.0003 2015 2016 3.7746 0.0006
2016 2017 2.6208 0.0130 2016 2017 -0.8651 0.3930
2017 2018 -0.6967 0.4907 2017 2018 1.1162 0.2722
2018 2019 -1.8529 0.0726 2018 2019 0.7192 0.4769

Health care

2015 2016 -5.8742 0.0004 2015 2016 3.0699 0.0154
2016 2017 1.9616 0.0854 2016 2017 1.2164 0.2585
2017 2018 -2.2187 0.0573 2017 2018 2.0117 0.0791
2018 2019 1.1029 0.3021 2018 2019 -1.7088 0.1259

11 Performance monitoring and anomaly detection

In addition to the implications discussed in Section , our chilled-water use characterization can also be used to detect
anomalies in data and to identify the buildings that vary their consumption behavior over years. To demonstrate
this, we test the model in year t that has been trained on data from t−1. Figure S17 shows that the models perform
poorly in some buildings likely due to differences in the availability of data for buildings that were performing well
in the previous year. To determine the underlying cause of performance deterioration, we plot the training R2 value
for all buildings in Figure S16(A). The buildings are sorted in order of decreasing training R2 that has been averaged
over five years. Note that the white space indicates that the data is either missing or insufficient to train the model.
Figure S16(B) plots the R2 of models that are trained in t year and tested on data for t+ 1 year. As displayed, some
buildings exhibit poor testing R2, even though they exhibit a good training R2 in t and t+ 1 years. As an example
consider three buildings shown in Figure S17.

Figure S17(A) shows the measured cooling consumption in years 2017 and 2018, while Figure S17(B) shows the
cooling consumed in 2018 and 2019. The blue and orange colored regression lines represents the modeled load during
the training and testing periods. The building B-57 is a Laboratories building and has a good training and testing
R2 in both years. The remaining two buildings exhibit a good training R2 but have a poor testing R2 due to changes
in consumption pattern and anomalous data. For instance, B-127 is a Healthcare building that dropped its mean
daily consumption in 2018 by about 21% but then returned to its usual consumption level in 2019. As a result, the
models that are trained on t− 1 year result in a poor fit on t-year data. In contrast, B-40 uses temperature and RH
to train the model in 2017, while in subsequent years, the building starts to follow weekly schedule and the absence
of weekend indicator from the model results in poor testing R2.
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Figure S6: Impact of the model selection criterion on estimated base load intensity. Note that the base load intensities
in MJ/m2/day are plotted on y-axis and mean daily outside air temperatures in ◦C are plotted on x-axis.
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Figure S7: Cross validation (CV) errors. (A) Cross validation coefficient of determination (R2) against fraction of
modeled load. (B) Cross validation Root Mean Squared Error (RMSE) against fraction of modeled load. (C) Cross
validation Mean Absolute Percentage Error (MAPE) against fraction of modeled load.
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Figure S8: Performance of models in different years. ‘ALL’ represents the model that has been trained using all five
years of data.
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Figure S10: Feature sensitivity test for the top 42 buildings with the highest R2 in 2017. The x-axis on each subplot
shows the modeled daily cooling consumption, while the y-axis shows different features. The vertical dashed line
represents the base case, which is define as the base load intensity at 18◦C and average values of other features on a
weekday. The max-min range corresponds to the maximum and minimum limits of each feature.
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Figure S11: Feature sensitivity test of buildings at the portfolio-scale and building category-level aggregates in 2017.
The x-axis on each subplot shows the daily cooling consumption, while the y-axis shows different features. The
vertical dashed line represents the base case, which is define as the base load intensity at 18◦C and average values of
other features on a weekday. The max-min range corresponds to the maximum and minimum limits of each feature.
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Figure S12: Significance of features across all years. (A) A bar plot showing the number of buildings that select a
given feature in all years. (B) - (F) show the improvement in the model performance when features are sequentially
added to the baseline model in 2015 through 2019.
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Figure S14: Year-to-year variability of model coefficient estimates. Histograms of Coefficient of Variation (CoV)
computed for model coefficients across different years (2015 through 2019). The vertical dashed lines denote CoV of
buildings in different categories. (A) Base load intensity. (B) Temperature sensitivity. (C) Weekend sensitivity.
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Figure S15: Spread of estimated model coefficients of buildings in different categories that get trained in all years.
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Temperature sensitivity.

19



2015 2016 2017 2018 2019

B-46
B-57
B-87
B-74
B-49

B-109
B-41
B-47

B-100
B-89

B-9
B-25
B-58
B-11

B-111
B-118
B-28

B-122
B-0

B-65

A
Training

2016 2017 2018 2019

B-46
B-57
B-87
B-74
B-49

B-109
B-41
B-47

B-100
B-89

B-9
B-25
B-58
B-11

B-111
B-118
B-28

B-122
B-0

B-65

B
Testing

0.2 0.4 0.6 0.8

Proportion of Variance Explained (R2)

Figure S16: Performance of models in different years. Note that each row indicates a different building, but the
labels are shown only for every fifth building to avoid overlapping, while columns represent different years. The color
is indicative of how well the model explains the variance in load for that year. (A) Performance of models trained
on data for t year. (B) Performance of models in (A) tested on data for t+ 1 year.
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Figure S17: Performance of models trained in t− 1 year and tested on data for t year. (A) Test year: 2016. (B) Test
year: 2017. (C) Test year: 2018. (D) Test year: 2019. Note that the tail end of these charts is not plotted because
the respective models have a negative test R2.
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Figure S18: Measured cooling consumption of three buildings against the mean daily outside air temperature in 2017
through 2019. (A) Models trained in 2017 and tested on data measured in 2018. (B) Models trained in 2018 and
tested on data measured in 2019.
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