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Abstract

Deep reinforcement learning (DRL) is a suitable approach to handle uncertainty in manag-
ing the energy consumption of buildings with energy storage systems. Conventionally, DRL
agents are trained by randomly selecting samples from a data set, which can result in over-
exposure to some data categories and under/no exposure to other data categories. Thus, the
trained model may be biased toward some data groups and underperform (provide subop-
timal results) for data groups to which it was less exposed. To address this issue, diversity
in experience-based DRL agent training framework is proposed in this study. This approach
ensures the exposure of agents to all types of data. The proposed framework is implemented
in two steps. In the first step, raw data are grouped into different clusters using the K-means
clustering method. The clustered data is then arranged by stacking the data of one cluster on
top of another. In the second step, a selection algorithm is proposed to select data from each
cluster to train the DRL agent. The frequency of selection from each cluster is in proportion
to the number of data points in that cluster and therefore named the proportional selection
method. To analyze the performance of the proposed approach and compare the results with
the conventional random selection method, two indices are proposed in this study: the flat-
ness index and the divergence index. The model is trained using different data sets (1-year,
3-year, and 5-year) and also with the inclusion of solar photovoltaics. The simulation results
confirmed the superior performance of the proposed approach to flatten the building’s load
curve by optimally operating the energy storage system.

Keywords: Battery energy storage, building demand management, deep reinforcement
learning, diversity in experience, energy management.

1. Introduction

Buildings are one of the main energy consumption hubs and account for about 30% of
total energy consumption [1]. Building energy demand has increased by about 4% in 2021
compared to the previous year, which is the largest increase in the last 10 years [2]. About
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31% of the building energy demand is fulfilled directly by electricity. It has been reported
in the Electricity Market Report 2023 [3], that the global electricity demand increased by
about 2% in 2022 as compared to the previous year, despite the global energy crisis. In the
same report it is predicted that global energy demand will increase by about 3.2% per year
from 2024 onward, which is much higher than the pre-pandemic rate of 2.4%. The increase in
electricity demand is expected to be due to transportation electrification [4], electrification of
heating systems [5], and the production of alternative fuels such as hydrogen on an industrial
scale [6]. It has been reported in [7] that replacement of furnaces with reversible heat pumps
will increase the electricity demand (in winter) by up to 36%.

Excessive energy consumption in buildings makes them a major source of carbon emissions
[8] that can be mitigated by integrating renewable energy sources (RES). The integration of
RES, especially rooftop solar photovoltaic (PV), has gained momentum recently [9]. However,
isolated PV use can result in higher system ramp rates [10] due to reduced PV power and
increased residential load in the evenings. In addition, the peak PV power coincides with
the lower load intervals in residential buildings. Therefore, the integration of PV alone is not
sufficient to mitigate the evening peak loads. To address this issue, the integration of battery
energy storage systems (BESSs) is considered in several studies, as discussed below.

An analysis of the economic potential of BESSs in buildings [11] concluded that operation
cost can be reduced by up to 5.3% with the integration of BESS alone. Different storage
options to manage the electrical load of buildings with PVs are analyzed in [12] and identifying
lithium-ion batteries as one of the viable storage options. Different design aspects of BESSs
such as home energy storage and community energy storage, to manage building load, are
analyzed in [13]. The profitability of integrating BESS with PV in buildings is analyzed in
[14]. The authors note that BESS with PV is more profitable compared to PV alone if all
incentives are taken into account. However, integration of BESS alone or BESS with PV
in buildings requires a building energy management system (BEMS) to schedule the BESS
operation and minimize the electricity bills of the building. Several studies on managing the
load of buildings using BEMS are discussed as follows.

The existing literature on BEMS can be broadly divided into two categories, model-based
operation techniques [15] and reinforcement/deep reinforcement learning (DRL)-based oper-
ation techniques [16]. In the former, a mathematical model is developed with the goal of
minimizing/maximizing a particular objective function under some constraints. The uncer-
tainty of the model can be described using robust [17] or stochastic optimization methods
[18]. In the latter, a reward function is devised to train a DRL agent using diversified data,
and the trained model is later used for real-time operation [19]. Different model-based BE-
MSs are proposed in the literature. For example, a Lagrangian multiplier-based model is
developed to maximize revenue with BESS constraints under the smart grid paradigm in
[19]. Similarly, a multiobjective optimization problem is formulated in [20] for reducing the
energy bills of a residential building while reducing the peak load of the system. The number
of constraints in model-based approaches can be overwhelming with increasing number of
appliances/equipment. Therefore, a method to reduce the number of constraints is proposed
in [21] without significantly affecting the optimal results.

Similarly, several studies have used reinforcement learning and DRL for managing building
loads, including BESS and PV [22]. For example, a Q learning model is developed in [23]
to control BESS energy and reduce electricity bills in a residential building. Similarly, fuzzy



logic is used in the reward function of a Q-learning algorithm in [24] to schedule the home
appliance of a smart home, including electric vehicles and BESS. However, reinforcement
learning algorithms are unable to handle uncertainties. Therefore, several researchers have
proposed DRL-based energy management schemes. For example, the deep deterministic
policy gradient is used by [25] and [26] for realizing BEMSs. The method proposed in [25]
does not require the dynamic model of the system, and a multi-agent system with prioritized
experience replay is considered in [26]. Similarly, soft actor-critic (SAC) is used in [27] and
[28] to manage building load. Both cluster energy cost and peak load are considered in [27]
and the average peak load and average-to-peak load ratio are considered in [28]. Application
of DRL for different types of buildings such as residential, commercial, offices, data centers,
and educational are discussed in [29].

However, several challenges need to be addressed for the adoption of RL/DRL for control-
ling real buildings. For instance, three primary barriers to the adoption of RL in real buildings
have been identified in [30]: the substantial amount of data required, control security, and
the inability to leverage transfer learning. Similarly, [31] outlines ten major challenges in the
real-world implementation of RL for building energy management, categorized as learning,
infrastructure, cost/benefit, and safety/security challenges. A computer science perspective
on the application of RL to buildings is presented in [32], which divides buildings into sin-
gle and clustered units while considering single and multi-agent aspects. Challenges in the
application of RL for grid-integrated buildings are discussed in [33], where a total of nine
significant challenges are identified, including poorly defined objective functions and learning
from limited samples. It is evident that most studies have recognized challenges related to
the efficient utilization of available data, such as data requirements for training and learning
from limited samples.

Therefore, efficient exploration is considered a challenging issue in DRL problems since
the agent can only learn from the experiences acquired from the environment [34], [35]. It
becomes especially challenging when the problem has large state space and/or sparse rewards
[36]. To address this issue, the authors add a regularization based on a distance measure to
the loss function to enhance the agent’s exploration behavior [36]. Local and global goals
are defined for agents to enhance the diversity of the population in [34]. Two different
generators are proposed to enhance the exploration potential of DRL agents in [37]. One
generator is more involved with exploration and the other with exploitation while having the
same architecture. In all these studies, the performance of the DRL agent has improved. In
most cases, the improvement is due to better exploration.

It is important to note that [34], [36], and [37] propose different approaches to modify the
internal architecture of the model. To achieve this, they introduce additional hyperparam-
eters, which can lead to complexity during the training process and necessitate tuning for
each specific problem. Moreover, the policy embeddings suggested in [36] rely on heuristics
and might not be easily generalized to new environments, as pointed out in [34]. Notably, the
technique outlined in [36] is better suited for games where rewards are sparse and mislead-
ing. Similarly, the methodologies introduced in [34] and [37] draw inspiration from novelty
search methods, which concentrate on exploring unique solution spaces. Consequently, these
approaches might prioritize solutions that are innovative but not necessarily effective. Fur-
thermore, none of these methods have taken into account a balanced mixture of experiences.
This aspect holds particular relevance for building energy management, given that the en-



ergy profiles of buildings do not undergo significant changes on a daily basis. Therefore, a
tailored approach is essential to ensure diversity in the learning process of DRL agents aimed
at handling building loads.

In addition, the energy management of buildings is a large state-space problem since it
needs data for several years and data changes during each time interval. This is because the
energy consumption pattern of buildings changes significantly across different seasons of the
year. Similarly, the demand profile could be different for working days and holidays, and
during different hours of the day. Therefore, the DRL agent should be able to optimally
manage the load under these diverse consumption patterns. However, conventionally, the
DRL agent is trained by selecting random profiles from the data set [25], [28]. This may lead
to over-exposure of the agent to one category of load profiles and under-exposure /no exposure
to another category, thus resulting in suboptimal solutions for the latter categories. With
conventional random selection, the agent may revisit previously explored states and thus
limit the coverage of the entire state space [38]. In addition, it may result in the instability of
the model due to frequent changes in the reward. Since the DRL agent learns by interacting
with the environment, exposure to diverse environments is necessary to ensure its optimal
operation [39]. Particularly, it is necessary to ensure the diversity in experience of the DRL
agent to different possible state spaces/environments (load profiles in this case). However,
ensuring diversity in experience of the agent is challenging, as the data need to be organized
into different groups (clusters) prior to passing it to the DRL agent. In addition, separate
algorithms are required for selecting data, during each episode, from the data set to ensure
the inclusion of all categories of data.

To address these issues, a diversity in experience-based approach is proposed to train DRL
agents to manage building loads with BESS and PV. Unlike existing studies on the diversity
of DRL agents [34], [36], [37], where the internal architecture of the model is modified, the
proposed method is based on clustering of the input data set. Therefore, the proposed method
can ensure the diversity of experience without altering the internal architecture of the DRL
model. In the proposed method, first, the daily load profiles of the building are clustered into
different groups. The K-means clustering method is used to divide the daily load profiles into
K clusters and the optimal value of K for this analysis turns out to be 6. Then, the data
corresponding to each cluster are extracted and arranged (stacked on top of each other). A
selection algorithm is devised to select the data from each group in proportion to its size (the
number of samples it contains) and is called the proportional selection method. These steps
can be integrated into the data preprocessing phase. The DRL agent is trained using the
selected data, which ensures the exposure of the agent to different data clusters. Two indices,
named the flatness index and the divergence index, are formulated to analyze and compare
the performance of the proposed approach with that of the conventional random selection
approach. The flatness index measures the flatness of the load curve by comparing the peak
and valley loads. The divergence index measures the difference between each data point
and the average daily load. Simulations are carried out using different data sets, including
1-year, 3-year, and 5-year data, and also with the inclusion of PV in the building. Finally,
detailed analyses are conducted for selected days of the year by taking one sample from each
cluster. For the sake of simplicity, the proposed approach based on the proportional selection
method is named the proportional selection method (PSM), and the conventional random
selection method is named the random selection method (RSM) throughout the remainder



of the paper.

The remainder of the paper is organized as follows. The introduction section is followed
by the background information required to understand the proposed energy management
approach based on diversity in experience, discussed in Section 2. SAC-based agent modeling
and training are discussed in Section 3. The performance of the PSM and RSM are compared
in Section 4 in terms of convergence and stability. Detailed analysis using different datasets
is carried out in Section 5 which is followed by conclusions, Section 6.

2. Diversity in Experience

Diversity in the experience of a DRL agent is a measure of how well the agent has been
trained with exposure to different available state-space groups/clusters of the environment.
In DRL, an agent reaches a behavioral policy to maximize the reward by interacting with the
environment [39]. Random selection of samples from the data, during training, may result in
biased training of the agent towards a particular data category, for example, summer week-
days or winter holidays in our case. To address this issue, preprocessing of data is required
to group the data into different clusters. Then, a selection algorithm can be used to select
samples from each cluster, for training, considering the size of each cluster. Details of the pro-
posed model are presented in the next section. In the subsequent subsections, an overview of
the system under consideration and the clustering of data into different representative groups
is discussed.

2.1. System Configuration

The system considered in this study is a residential building; it could be a single detached
home or an apartment with local energy storage and may also have solar PV. An overview
of the system configuration is shown in Fig. 1. It can be seen that the building contains a
building load, solar PV, and a BESS unit. For the sake of simplicity, the building appliances
are not shown separately, since the focus of this study is on training the DRL agent to
optimize the operation of the BESS. The building is connected to the utility grid and can
buy power from the grid when the local energy is not sufficient to meet the energy demand.
A BEMS is responsible for managing the operation of the building. The DRL agent is a part
of the BEMS and the steps involved in the training of the DRL agent, under the PSM, are
as follows.

First, the daily energy demand profiles of the building are gathered for a sufficient duration
to include diverse load patterns across different seasons of the year and days of the week.
The data are then clustered into several distinct groups to ensure the representation of each
group. Details about the clustering analysis are presented in the following section. Then a
selection algorithm (explained in Section 3) is used to select samples from each cluster for the
training of the DRL agent. Finally, a trained model, with the experience of all representative
data groups, is obtained and can be used for optimal building operation with BESS and PV.

2.2. Clustering of Daily Energy Demand Profiles

The daily energy demand profiles of the building are first divided into different groups to
train the DRL agent. K-means clustering is the most widely used technique for unsupervised
clustering. In K-means clustering, an n-dimensional data set is divided into K clusters
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Figure 1: Overview of the system configuration and components of the proposed method.

with the objective of minimizing the sum of squares within each partition [40]. Euclidean
distance is generally used as a measure to determine the similarity between two objects
[41]. Determination of the optimal number of clusters is required for any dataset, and then
the number of data points in each cluster is determined. An overview of the procedure for
determining the optimal number of clusters for building load profiles using the K-means
method is shown in Algorithm 1.

Algorithm 1: Optimal number of clusters using the K-means method.

Data: Daily energy consumption profiles of the building for 6 years

: Preprocess the data and normalize using the min-max scalar

. Initialize the maximum number of clusters (C)

: for j=1:C' do

Randomly determine cluster centroids (c;)

while Centroid position is changed do
Compute the sum of the squared distance between all data points (1)
Reassign each element to the cluster to minimize the distance

end

Record the distortion for each run

Record the computation time for each run

w N =

© 2 3> N~

—
e

end
Result: Optimal number of clusters using the elbow method

=
=

First, the daily load profiles of the building for a specific period (6 years in this study)
are taken as input. The data are then normalized using the min-max function to eliminate
the domination of higher-magnitude profiles. Then, the maximum number of clusters to be



tested (C) is selected. An outer loop is used to vary the number of clusters from 1 to C. For
each value of j, a cluster centroid c; is defined and an inner loop is used to assign the data
points to each cluster. The assignment is carried out by computing the Euclidean distance
(J) using the following equation

7= Ik =l 1)

j=1 i=1
where xgj) is the data point i selected for cluster j and ¢; is the j™ centroid. Each data
point is assigned to its nearest centroid based on the distance J. The centroids are then
recomputed by taking the mean of all data points within the cluster. This process is repeated
until no change is observed in the data points’ position in clusters. Finally, the distortion
and computation time of each cluster are recorded, and the optimal number of clusters is
determined using the elbow method. The results of the optimal number of clusters are shown
in the simulations section.

2.3. Proportional Selection Method

The daily load profiles of the building are grouped into N clusters, as discussed in the
previous section. Next, a sample selection algorithm is required to select data samples from
each cluster during the training process. Details about the selection algorithm are provided
in the next section. Here, the basic working principle of the PSM is compared with that of
the RSM. An overview of both selection methods is provided in Fig. 2. In this illustration,
N =4, and each cluster is represented by a different color. It is also assumed that each set
includes 4 episodes, where an episode refers to the actions and states an agent undergoes
from the start to the end state.

It can be observed that in the case of the conventional method (RSM), the four samples
(for each episode) are randomly selected from the data set that has D samples. Therefore,
different clusters are dominant during different episodes. For example, profile type 1 is
dominant (2 out of 4 samples) in set 1, and profile type 2 is dominant in set 2 (3 out of 4
samples). The conventional method is not only unable to ensure the diversity in experience
of the agent, but would also likely result in instability of the model due to fluctuating average
rewards in each set.

In the case of the PSM, the number of samples in each cluster is counted first, that is,
D1, D2, D3, etc. The samples from each group are then selected considering the ratio of the
number of samples in that cluster to the total number of samples D. For example, in this
illustration, 25% of the samples belong to cluster 1, 50% to cluster 2, and the remaining
25% to cluster 3. Therefore, in each set, two samples are selected from cluster 2 and one
each from clusters 1 and 3, i.e., proportional selection method. The PSM ensures that the
agent is exposed to all types of datasets by explicitly including samples from each cluster.
In addition, it will likely increase the stability and expedite the convergence speed of the
average reward due to similar profiles in each training set.

2.4. System Model

In this section, a mathematical model is developed for the energy storage system and the
constraints of the network power balance are introduced. Note that these equations cannot
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Figure 2: Overview of sample selection methods for training of DRL agent.

be used directly, as they are intended for the training of DRL agents. Their equivalent
counterparts will be devised using if-else conditions. The upper (SoC™**) and lower (SoC™")
state-of-charge (SoC) limits are introduced to avoid overcharging and deep discharging of the
battery. Therefore, the amount of power charged to the battery (P%%) and the amount of
power discharged from the battery (P%¢) during any time interval ¢ should not violate those
limits. The upper limit constraint is realized by using the following equation

Pl x At _ B x SoCm

EM 4 Z?f” x Phar 5 At o0 , (2)

T<t n
where E™ is the initial amount of energy in the BESS, and B®» is the BESS capacity in
kWh. The parameters n* and 7~ represent the charging and discharging efficiencies of the
BESS, respectively. Finally, At represents the length of the time period, in hours, during

which the BESS is charged or discharged. Similarly, the lower limit constraint is realized
using the following equation

Pi X At _ B x SoC™"

EM 4N Tt x Pher o At 0 . (3)

T<t N

The amount of charging and discharging power in BESS is also constrained by the charging
and discharging rates of the converter. The charging (P“*°) and discharging (P™*) rate
constraints are enforced using the following equation

0 S Ptchar S PCrate,O S Ptdisc S PDrate. (4)

Finally, the building can fulfil its energy demand (P}°*d) using PV power (PP"), buying
power from the utility grid (P™), and/or by discharging the BESS (P3¢). Similarly, excess



power can be sold to the grid (P!). Finally, the BESS can be charged (Pf) either by
buying power from the grid or using PV power.

Ptbu}’ + Ptdisc 4 Ptpv — Ptsell + Ptchar + Ptload' ( 5)

3. Soft Actor-Critic-Based Agent Training

In DRL, a deep neural network is combined with a reinforcement learning model, such
as the Q model. This integrated model is capable of dealing with continuous state space
and environments with uncertainty, which is not possible with Q-learning alone [42]. Several
DRL variants have been described in the literature, but SAC is a state-of-the-art approach
that has several advantages over other DRL methods. They include stable operation, fast
convergence, and immunity to local optima trapping [43]. Therefore, SAC is used in this
study to analyze the performance of PSM. SAC is used for both the conventional and the
proposed methods in this study.

In SAC, the objective function is modified by adding an entropy term to measure the
predictability of the random variable. Higher entropy values refer to lower predictability and
vice versa. A hyperparameter « is used to control the trade-off between exploration and
exploitation [44]. The agent learns a policy network (my) and two Q networks (Q1,Q2). The
two networks are trained independently, and two target Q-networks are also updated at each
learning step via a soft copy update. The objective of the SAC agent is to maximize the sum
of future expected rewards and future entropy (expected).

3.1. Demand Management of Buildings with Energy Storage and Solar PV

The demand management problem of buildings with BESS and PV is realized using the
SAC method, due to its merits, as discussed in the previous paragraphs. The problem is
modeled as a Markov decision process, and it includes state, action, state transition, and
reward. The state at time ¢ (S;) contains information on the building load (P}°®d), PV power
(PPY), battery SoC (SoC), and interval number (t), as given below

St = [Ptload7 Ptpv7 SOCt, t] (6)

The state parameters are normalized using minimum (S™"[k]) and maximum (S™*[k])
values of the states for fast convergence and stability of the learning process using

Selk] — 5™ (]
Silk| = — 7
t[ ] Smax[k] _ Smln[k] ( )
where k is an index to access all four state parameters. Based on the current state of the
system, the agent takes an action at time ¢ (a;) in the range of [-1,1] where negative values
refer to BESS discharging and positive values refer to BESS charging. The actions are then
transformed to the SoC level using the following equation

ar? = % where M € Q, (8)



where the real actions (a®®!) are obtained considering the charging/discharging rate of the

BESS converter using the positive rational number M. For example, M = 1 refers to a C-rate
of 1C and M = 2 refers to a C-rate of 0.5C, and so on.

The state transition from time ¢ to t+ 1 depends on the values of building load, PV power,
SoC level (state parameter at time t), and action taken at ¢. This can be mathematically
modeled as

Sit1 = f(Su at). (9)

Finally, the reward (r;) is calculated using a reward function. Details about the reward
function are discussed in the following sub-section.

3.1.1. Reward Function

A comprehensive reward function (r;) is devised to manage the load of the building with
BESS and PV. The objective of the agent is to flatten the load curve of the building without
violating the BESS energy constraints [45]. The average load of each day (P*'#) is taken as a
threshold, and the agent is rewarded for bringing the total load close to the threshold level.
The reward function comprises three parts, as shown below

paveg _ Pnet + Pbess 2
re = _{ (Jgavg ) —p1— po. (10)
The first part penalizes any deviations from the threshold level (daily average load). It
is normalized with the daily average load value to scale the daily rewards to a similar level.
The net load (PP®") in the first part refers to the load of the building after consuming PV
energy, if available. The value of the net load is the same as the original load in the case of

buildings without PV. It can be modeled as

Plead _ PPV if building contains PV,
pret = { oo & (11)

Pplead, otherwise.
Similarly, the variable PP®* refers to the power charged/discharged to/from the BESS at

time ¢. It will take a positive value when BESS is charging and a negative value when BESS
is discharging. It can be modeled as

Ptbess — Ptchar - Ptdisc. (12)

The last two terms of the reward function represent penalties for violating the SoC con-
straints. For example, if the BESS is overcharged (charged beyond the predefined upper
limit), a penalty (p;) of A; is imposed as shown in the following equation

(13)

. Al, if SOOt > SOCmaX,
br= 0, otherwise.

Similarly, a penalty (p) of Ay is imposed if the BESS is subjected to deep-discharge
(discharged below the lower limit). This can be modeled as

10



(14)

. )\2, if SOCt < SOCmin,
b2 = 0, otherwise.

It should be noted that all terms of the reward function have negative signs. It implies
that all the terms are penalties and the objective of the DRL agent is to minimize these
values (maximize the reward).

3.1.2. BESS Parameters

As mentioned in the previous section, the action of the agent (a;) is transformed into
BESS SoC. The SoC in the current interval t is updated based on the SoC of the previous
interval (SoC;_1) and the action taken by the agent, i.e., ASoC;. Mathematically, this can
be represented as

SOCt = SOCt_l + ASOCt, ASOCt € [—1, 1] (15)

Then, the amount of power charged/discharged to/from the battery (PP®) can be cal-
culated based on the SoC at time ¢t and ¢ — 1. This can be mathematically written as

B x (SoC; — SoCy_1)

100 ’
where B is the capacity of the BESS in kWh. The amount of power charged to the BESS
during the time interval ¢ (Pf2%) can be computed using the following equation

bess __
P* =

(16)

Pbess’ if Pbess > 07
petar :{ oo B (17)

0, otherwise.

Finally, the following equation is used to determine the amount of power discharged from
the battery in the time interval ¢ (P2s¢)
. —PbeSS7 if Pbess < O,
Ptdlsc — t t . (18)
0, otherwise.

3.2. Diversity in Fxperience-Based Selection and Training

An overview of the PSM for DRL agents is presented in Section 2. In this section, the
details of the training process are presented. The step-by-step process for training the DRL
agent is shown in Algorithm 2. The inputs of the proposed algorithm are the (cluster-wise)
arranged daily load profiles of the building. First, the optimal number of clusters (K) is
obtained from Algorithm 1. Then, the total number of days in the data set (D) is calculated
and the maximum number of episodes (N) for training the agent is set.

The first loop is used to determine the number of days in each cluster ¢ € K. Then the
day ratio (R;) of each cluster is determined based on the number of days in that cluster (D;)
and the total number of days in the data set (D = S_%  D;). This can be mathematically
represented as

D;



Algorithm 2: PSM training process.

Data: Arranged daily energy consumption profiles of the building: [Dy, Da,..D;]
Get the optimal number of clusters (K) from Algorithm 1

Get the total number of days in the training set (D)

Set the total number of episodes for training (V)

for i=1:K do

Determine the number of days in cluster i (D;)

Determine the day ratio for cluster i (R;) using (19)

Compute the cumulative ratio for each cluster i (RS) using (20)

end
for j=1:N do
if MOD(j,100) > 0 AND < R then

‘ Select a random day in the range [1,D1]
else if MOD (5,100) > R AND < R§ then

‘ Select a random day in the range [D1,Ds)]
else if MOD (3,100) > R{_, AND < R{_; then

| Select a random day in the range [D;_3,D;_1]
else

‘ Select a random day in the range [D;_1,D;]
end

A A S A

e o S = S S S O S S
[ B A S ol =

end
Result: Daily energy consumption profiles based on equal experience
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©

Then, the cumulative day ratio (R¢) for each cluster is determined by summing the day
ratio of all clusters from 1 to the current cluster ¢. This can be mathematically written as

Ri= () R (20)

The second loop is then used to iterate over the number of episodes (V). For each episode
j, a sample needs to be selected from one of the clusters. The selection of the sample from
any cluster is based on the value of the cumulative ratio computed using (20). For example,
the first R{ samples will be selected from cluster 1, R§ samples from cluster 2, and so on.
This process is repeated every 100 episodes and continues until the end of the episodes.

3.8. Indices for Performance Analysis

To analyze the performance of the selection method, two indices are used in this study.
The same indices are used to compare the performance of the PSM with the RSM. The first
index is called flatness (FI) and measures the flatness of the energy demand profile. It can
be mathematically modeled using the daily maximum load (P™**) and the daily minimum
load (P™in)

pmax _ Pmin
Pmax

It is a continuous index that ranges between [0,100] for buildings without PV. Higher
values correspond to higher flatness and vice versa. It should be noted that the value of FI
could be negative for buildings with PV.

FI = 100 — ( x 100). (21)
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Figure 3: Overview of raw data used in this study.

The second index is called divergence (DI) and measures the divergence of the net load
(PPet) from the daily average load (P*'8). It can be mathematically written as

VL P — P
DI =
T

Similar to the previous index, it is also a continuous measure, where higher values refer
to higher divergence and vice versa. Note that higher values of FI and lower values of DI are
desired.

(22)

4. Performance Evaluation

In this section, the raw data is preprocessed and grouped into different clusters using the
previously discussed methods. Then, the performance of the PSM is compared with that of
the RSM in terms of training the DRL agent. Both the proportional and conventional DRL
methods are implemented in Python 3.9.13.

4.1. Input Data

The input data comprises the real energy consumption of a residential complex in the
USA [46]. The data used in this study have a resolution of 1 hour over 6 consecutive years.
It is a scaled version of the data reported in [46]. PV power data for the corresponding
years are generated using [47]. An overview of the raw data, showing different load profile
groups, is shown in Fig. 3. For the sake of visualization, selected PV power and load profiles
of different days and seasons are shown in Fig. 4. PV power shows higher energy (longer
days and higher peaks) during summers and lower energy (shorter days and lower peaks)
during winters, as expected. Similarly, the building load profiles are significantly different
for different seasons of the year. In addition, the differences between weekdays and holidays
are also evident for the same seasons. This implies that the BESS operation needs to be
adjusted for different seasons of the year and days of the week.

The BESS of 250kWh is selected considering the load and PV profiles of the building.
The upper and lower bounds of the SoC are taken as 90% and 10%, respectively. Finally, the
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Figure 4: Daily load profiles of selected days for different day types and seasons.
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Figure 5: Determining the optimal number of clusters using the Elbow method.

charging and discharging rates of the BESS are taken as C/5, which means that the BESS
can be fully charged or discharged in 5 hours.

4.2. Analysis of Optimal Number of Clusters

In this section, Algorithm 1 is used to determine the optimal number of clusters to group
the daily load profiles into different groups. The number of clusters is varied between 1 to 12
and distortion and computation time (fit time) are recorded for each run. The recorded data
are plotted in Fig. 5 and it can be observed that the distortion decreases with an increase in
the number of clusters. Because distortion measures the difference between the data sample
and its centroid, it is expected that with more centroids (clusters), the distortion will decrease.
However, the rate of decrease in distortion is not uniform; i.e., it initially decreases rapidly
and then it flattens out. The elbow method is used to identify the point where this transition
occurs to determine the optimal number of clusters [48]; in this case K = 6. Similarly to
[49], the fit time is also shown in Fig. 5. It shows an initial decrease, and then it increases
with an increase in the number of clusters.

After identifying the optimal number of clusters, the raw data (shown in Fig. 3) are
grouped into different clusters. Each cluster is represented with a different color, as shown
in Fig. 6. The dashed lines in each color represent the centroids of each cluster.

Generally, dimensionality reduction methods are used to validate the clustering results.
The t-distributed stochastic neighbor embedding (t-SNE) [50] is a popular and widely used
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Figure 7: Overview of results obtained from the t-SNE method with two dimensions.

method [51]. Therefore, this method is also used in this study to reduce the dimension from
24 to 2. The obtained results are shown in Fig. 7, where each dot represents a daily load
profile. The colors correspond to the clusters shown in Fig. 6. The presence of similar color
dots close to one another shows that the K-means method has successfully grouped the data
into different clusters.

The summary of data points in each cluster (D;), the day ratio of each cluster (R;),
and the cumulative day ratio of each cluster (Rf) are shown in Table 1. Furthermore, the
prevailing time period of the year (including the season and type of day) for each cluster is
also indicated in the table.

Table 1: Summary of data samples and related statistics in each cluster.

Cluster Cluster 1 Cluster 2 Cluster 3  Cluster 4 Cluster 5 Cluster 6

Time Period Weekdays Holidays
Summer  Spring/Fall ~ Winter =~ Summer Spring/Fall ~ Winter
D, 510 370 625 214 164 309
Ri(%) 23 17 29 10 8 14
RS(%) 23 40 69 78 86 100
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Figure 9: Convergence and stability results with 3-years data.

4.8. Convergence and Stability Analysis

The DRL agent is trained using data of 5 years (as discussed in the previous section).
Data from the 6" year are used to validate performance, as explained in the next section.
To analyze the performance of the proposed method, the model is trained with different
datasets, i.e., 1 year, 3 years, and 5 years without including PV (only BESS). Finally, an
additional case is simulated that includes both BESS and PV in the building.

The convergence and stability analysis results of the first three cases (1 year, 3 years,
and 5 years data) are shown in Fig. 8, Fig. 9, and Fig. 10, respectively. The left sides of
the figures show the per-episode rewards, and the right sides represent the running average
rewards of 100 episodes. It can be seen that the PSM has outperformed the RSM in all
three cases. The performance of the PSM is superior to that of the RSM in terms of average
reward, stability, and convergence speed. The PSM has converged to higher rewards in
all cases, which implies that it has well-explored the environment and found better actions
(BESS charging/discharging rates and intervals). In addition, its average reward has lower
fluctuations compared to the conventional method, indicating better stability of the learning
process. Finally, the PSM converged faster in all cases. Especially, the performance of the
RSM has shown a deteriorating trend with the increased number of data points, i.e., the
D-years case.

The results for the building with BESS and PV are shown in Fig. 11, where the agent
is trained using the 3-year data set. A similar trend can be observed in this case, similar to
the previous three. The PSM has outperformed the RSM in terms of stability, convergence
speed, and reward levels. This analysis shows that the proposed approach performs better

16



Random selection method Proportional selection method

0 -100
e =
s g 300
2 z
2 -500 o
3 2 -500
@] <
2 S 700
[°-1000 z

: : : -900 : : :
0 500 1000 1500 0 500 1000 1500
Iteraton number Iteraton number
Figure 10: Convergence and stability results with 5-years data.
Random selection method Proportional selection method

0 -100 1
= =
< < L
S = -300
2 -500 2
2 gO-SOO
2 S
a L .700
2'-1000 f z

L -900 O ——
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Iteraton number Iteraton number

Figure 11: Convergence and stability results with inclusion of PV.

in different environments as compared to the RSM. The actions that resulted in different
rewards are compared and contrasted for both methods in the following sections.

5. Discussion and Analysis

In this section, the performance of the PSM is compared with the RSM using the two in-
dices formulated in Section 3.3. Different scenarios are considered to analyze the performance
of the PSM such as different data sets, integration of PV, and daily profile analysis.

5.1. Analysis with Different Datasets

In this section, three data sets are considered to analyze the performance of the PSM
and the conventional RSM for the data shown in Fig. 4. The results of the flatness and
divergence indices with 1-year data are shown in Fig. 12. Similarly, Figs. 13 and 14 show
the results with 3-year and 5-year data, respectively.

It can be observed that the flatness index is the lowest for the original case in all scenarios,
as expected. The original case refers to the original load without BESS integration. The
flatness index has also increased for the RSM case, as compared to the original case, due to
the integration of the BESS. However, in all scenarios, the flatness index is the highest for
the PSM. Higher values of the flatness index refer to more even load curves, which is desired.
The highest difference in the flatness index was about 32% compared to the RSM (cluster 2)
and about 63% compared to the original method (cluster 4).

The divergence index analysis shows that the PSM has the lowest values in all scenarios.
Higher values of DI refer to higher divergence, and thus lower values are desirable. The highest
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Figure 12: Load variation results with 1-year data: a) flatness index; b) divergence index.
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Figure 13: Load variation results with 3-year data: a) flatness index; b) divergence index.

@ Original @ RSM =PSM

%0 a 10 b

& 5 8

g% 3

E 40 3 6 %

'm 7 1 5 7 / P 7

g 0k z % 4 1 G 7
o AR AE A AR . A A A A8 4 4

1 2 3 4 5 6 1 2 3 4 5 6
Cluster number Cluster number

Figure 14: Load variation results with 5-year data: a) flatness index; b) divergence index.

difference was about -15% compared to the RSM (cluster 5) and about -45% compared to
the original case (cluster 1).

This analysis shows that the PSM has superior performance compared to the conventional
RSM in terms of both flatness and divergence. This is in accordance with the convergence
analysis, where the PSM has always converged to a higher reward corresponding to better
utilization of BESS in flattening the load curve.

5.2. Analysis with Integration of PV

In this section, the performance of the PSM is compared to that of the conventional
RSM, while considering the integration of PV. Similar to the previous section, the flatness
and divergences indices are analyzed. It can be observed from Table 2 that the flatness index
is the highest for all cases for the PSM, which is desired. Similarly, divergence analyses in
Table 3 show that the divergence index is the lowest in all cases for the proposed approach.
A lower value of DI is desired, since it refers to a lower divergence from the daily average
load. This analysis shows that the proposed approach has superior performance even with
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the integration of PV in the building.

Table 2: Flatness index results (%) with the integration of BESS and PV.

Cluster Cluster 1  Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Original 19.7 32.5 39.9 15.7 40.2 41.6
With PV -6.3 14.2 19.0 13.9 9.4 11.3
RSM 174 324 44.4 12.4 45.8 43.7
PSM 29.9 64.2 57.9 20.9 55.0 50.7

Table 3: Divergence index results with the integration of BESS and PV.

Cluster Cluster 1  Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Original 7.3 4.1 4.5 8.2 4.0 5.2
With PV 8.5 4.9 5.3 8.8 5.4 6.7
RSM 5.5 3.5 3.9 7.5 3.8 4.4
PSM 5.1 2.9 3.4 6.3 3.5 4.2

5.8. Profile Comparisons

In this section, the daily load profiles are analyzed for selected days of the year (one from
each cluster). For the sake of visualization, only one case (3 years of data) from different
datasets is presented, Figs. 15 and 16. In addition, the results of the PV-integrated case
are also analyzed, Figs. 17 and 18. The results presented in this section are obtained using
the trained SAC agent. As discussed in Section 3.1, each state encompasses information on
the building load (P/°*d), PV power (P}), battery SoC (SoC;), and the interval number ().
Likewise, the action taken by the agent (a;) is converted into battery SoC using equation (8).
This SoC value is then used to determine the quantum of power charged/discharged to/from
the BESS during the interval ¢ using equation (16). Additionally, the agent is equipped with
penalties for exceeding SoC limits, as elaborated in Section 3.1.1.

To achieve the outcomes discussed in this section, the trained agent is provided with load
and PV power data for a 24-hour period (one day) for each cluster individually. The agent’s
interval-specific SoC (action) is recorded and utilized to calculate the battery power. This
methodology leads to the results depicted in Figures 16 and 18. Similarly, adjusted load
profiles are obtained by combining the original building load (P/°*), PV power (P}"), and
battery power SoC (Pes®), i.e., Pload - PPV 4 PPess. The adjusted load profiles of PSM and
RSM, shown in Figures 15 and 17, are obtained using this approach. It should be noted that
Ppess will exhibit a positive value during charging and a negative value during discharging.
Consequently, the load will increase during charging intervals and decrease during discharging
intervals.

The daily load profiles for the original case, conventional RSM and PSM are shown in Fig.
15. The charging/discharging power and SoC of BESS are shown in Fig. 16. It should be
noted that the positive values in Fig. 16 refer to the charging power and the negative values
refer to the discharging power. The flatness of the load profiles in comparison to the original
load profiles is obvious. The difference in the charging and discharging profiles for RSM
and PSM can be observed in Fig. 16, which resulted in the difference in the load profiles,
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Figure 15: Load profiles of selected days with model training using 3 years of data.
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Figure 16: BESS power and SoC profiles with model training using 3 years of data.

shown in Fig. 15. The proposed approach has reached the maximum SoC level later in all
cases, as compared to the RSM. This means that BESS has charged over a larger number
of intervals (using lower power in each interval), resulting in flatter load curves. It can also
be observed that the difference in peak-to-valley load is lower for PSM, compared to RSM,
in all cases. The term ”peak” denotes the maximum value within the load profile, while
"valley” refers to the minimum value. Consequently, ”peak-to-valley” signifies the disparity
between the highest and lowest load points. Reduced peak-to-valley values are preferred as
they indicate a more even load distribution. The outcomes of various indices (such as the
flatness index and divergence index) have substantiated these findings, as evidenced in the
preceding section, 5.1.
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Figure 17: Load profiles of selected days with the integration of PV.
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Figure 18: BESS power and SoC profiles with the integration of PV.

The load profiles for the PV-integrated case are shown in Fig. 17, and the corresponding
BESS charging/discharging profiles and SoC are shown in Fig. 18. It can be observed that the
load profiles are much flatter with the integration of the BESS as compared to the original
case and the case with PV. It should be noted that the net load (with PV) has become
negative in Cluster 1. In addition, the load with a PV profile has a higher peak-to-valley
difference compared to the original load. The proposed approach has resulted in flatter load
curves as compared to the RSM. It can also be observed that the RSM was not able to
fully utilize the BESS in most cases (not charged to the upper SoC bound). In contrast,
the proposed approach has fully utilized BESS in all cases. This also resulted in the inferior
performance of the RSM as evaluated using different indices in the previous section.
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6. Conclusions

A deep reinforcement learning model based on diversity in experience is proposed for
training agents to manage the load of buildings with energy storage and solar PV. The raw
data are grouped into different clusters and a selection algorithm is devised to select data
from each cluster to ensure the exposure of the agent to all types of data. Convergence
analysis has shown that the proposed approach has faster convergence compared to the
approach using the conventional random selection method. In addition, the proposed model
has always converged to a higher reward and with better stability for average reward. It
implies that the proposed approach can better explore the environment and find optimal
actions to manage the load by controlling the battery charging/discharging. Similarly, the
flatness index of the proposed approach was higher for all cases and the difference was up
to 32% lower compared to the conventional approach. The divergence index was the lowest
for the proposed approach in all cases, indicating that the resulting load profile is close to
the daily average load. The difference in the divergence index was up to 15% compared to
the conventional method. A detailed analysis has shown that the proposed approach has
superior performance as a result of its ability to explore representative data profiles from the
entire environment and choose better actions for battery charging/discharging.
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