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Abstract: Eco-friendly technologies for sustainable energy development require the efficient utiliza-
tion of energy resources. Real-time pricing (RTP), also known as dynamic pricing, offers advantages
over other pricing systems by enabling demand response (DR) actions. However, existing methods
for determining and controlling DR have limitations in managing an increasing demand and pre-
dicting future pricing. This paper presents a novel approach to address the limitations of existing
methods for determining and controlling demand response (DR) in the context of dynamic pricing
systems for sustainable energy development. By leveraging actor—critic agent reinforcement learning
(RL) techniques, a dynamic pricing DR model is proposed for efficient energy management. The
model’s learning framework was trained using DR and real-time pricing data extracted from the
Australian Energy Market Operator (AEMO) spanning a period of 17 years. The efficacy of the
RL-based dynamic pricing approach was evaluated through two predicting cases: actual-predicted
demand and actual-predicted price. Initially, long short-term memory (LSTM) models were em-
ployed to predict price and demand, and the results were subsequently enhanced using the deep
RL model. Remarkably, the proposed approach achieved an impressive accuracy of 99% for every
30 min future price prediction. The results demonstrated the efficiency of the proposed RL-based
model in accurately predicting both demand and price for effective energy management.
Keywords: dynamic pricing; demand response; actor—critic agent; reinforcement learning;
real-time pricing (RTP); long short-term memory (LSTM); Australian Energy Market Operator
(AEMO); pricing prediction

1. Introduction
1.1. Motivation and Background

With the development of the recent sophisticated technologies in sustainable energy
systems, demand response (DR) emerged as an efficient process to reduce energy costs and
real-time pricing because of the quick reaction ability to supply-demand imbalance [1,2].
DR refers to a tariff or procedure implemented to incentivize adjustments in energy pricing
or offer incentive costs with the aim of promoting lower energy consumption during
periods of high market prices or when grid reliability is at risk [3].

In the existing scientific literature, DR is commonly classified into two categories:
price-based DR and incentive-based DR [4]. Price-based DR urges consumers to shift their
energy consumption practices in response to variable energy costs, whereas incentive-
based DR offers users with flat or dynamic incentives to reduce energy consumption
during periods of system overload [5]. Each category has its own unique advantages
and potential considerations for achieving effective demand management. However, this
research primarily focuses on price-based DR, which has been extensively investigated in
previous studies, as depicted in Figure 1 along with other subcategories [6-8]. Price-based
DR imparts excellent features, such as accessibility, reliability, and rapidity. The example
study explored the influence of demand response on the improvement of reliability [9]. A
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notable pricing program is a peak price-based DR method that operates at a certain crucial
period when electricity systems sense emergencies [10].

Demand Response Program (DRP)

Price-Based DR Incentive-Based DR
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Figure 1. Dynamic Response programs.

Dynamic pricing (real-time pricing) has gained much attention among price-based DR
programs, since it creates a relationship between a supplier and customers by explaining a
logical reaction to the competition [11]. It is also a successful solution for utilities to grow
their competitiveness and retain their consumers [12,13]. Prediction is a vital component
of the energy management system. Modeling the dynamic prices needs predictions of the
prospect demands, whereas scheduling needs future price predictions. Predictions thus
provide a prospect planning policy for dynamic tariffs and also help consumers to plan
energy utilization during dynamic pricing situations. This price-based demand response
program allows customers to save money by reducing peak electricity demand. Customers
who sign up for this program may receive a cash incentive or credit every month and can
use it to lower their monthly bills by reducing their peak electricity usage. The study in [14]
developed price prediction models based on dynamic regression and transfer function
solutions by using data from Spain and California, achieving a high accuracy; however,
limitations of ARIMA models on the data from the same sources are observed in [15].
ARIMA models are used to predict Ontario’s hourly prices from the accessible source with
a significant accuracy [16] but failed in predicting unusually high or low prices. Artificial
Neural Networks (ANNs) based on the method used by Mandal et al. [16] showed a
better prediction accuracy. In [16], various factors including demand, history, and time
are identified, which influence price prediction. Neural-network-based next-day price
prediction displayed a satisfactory accuracy to support request policy decisions [17]. A
kernel-based next-day prediction model was studied and has proven its effectiveness.

Accurate demand forecasting is essential for energy-supply systems to successfully
plan their supply and generation capacity. These forecasts can include a range of time
periods, including daily, weekly, monthly, and yearly projections. Short-term forecasts,
spanning from minutes to several hours in advance, are especially useful for real-time con-
trol and scheduling of power systems. Long-term forecasting, on the other hand, is critical
for simplifying investment planning and maintenance scheduling. Various solutions to
predict the long-term energy demands are evaluated in terms of accuracy where simple and
robust solutions outperformed. Double seasonal Holt Winters exponential smoothening is
implemented for the day and week seasonality. This solution showed an effective solution
as compared to ARIMA and the standard Holt Winters method for short-term demand
prediction [18]. A recent study in [18] introduces an extension to [19] incorporating the year
seasonal cycle into their model. This extended model demonstrated a superior performance
compared to both the double seasonal model and the univariate neural network solution.
Furthermore, [20] presents evidence that utilizing single-order moving average smoothened
data in an E-Support Vector Regress (E-SVR) model can effectively reduce prediction errors.
Another study [21] focuses on incorporating weather factors into medium-term energy
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demand prediction. By integrating various weather factors with an autoregressive model,
they successfully mitigate serial correlation across four distinct climatic scenarios. Various
weather factors are used along with an autoregressive model to reduce serial correlation for
four different climatic scenarios. In [22], the Trigonometric Gray Model (TGM) prediction
model improved the prediction accuracy. Gray prediction along with the rolling mechanism
in [23] predicted Turkish energy demand with limited data and less computational effort.
Semi-parametric additive models are used to estimate the relationship between energy
demand and other independent variables [24]. The probabilistic model is proposed in [25]
to predict energy demand from simulated weather data. Multiple linear regression and
ANNSs are applied in [26] with principal components to predict energy demand. The price
and demand prediction using neural models is depicted in Figure 2.

Feature Selection
(Price, Demand, time)

Measured Features
Wattage (KVA)

Neural Model Neural Model Testing

Evaluation (accuracy,

prediction) (LSTM, RL, DNN)

Figure 2. Steps in intelligent price/demand prediction.

While the current literature effectively presents an overview of demand response (DR)
systems, there remains an essential gap in how these systems are practically implemented,
specifically in terms of dynamic pricing. Numerous studies have focused on the conceptual
basis of price-based DR, illuminating its potential benefits such as an improved accessibility,
reliability, and rapid response [6-8]. However, the practical integration of dynamic pricing,
a crucial subset of price-based DR, is largely understudied.

Moreover, most existing research is based on theoretical models, which may not
accurately represent the complexities and nuances of real-world energy management
systems. These models often overlook unpredictable variables such as sudden changes in
energy demand or supply, resulting in a disconnection between theory and practice.

This paper seeks to address these limitations by providing a comprehensive explo-
ration of dynamic pricing within real-world DR systems. Our research will build upon
existing theoretical foundations, adding a layer of practical understanding. The goal is to
bridge the gap between theoretical models and practical applications, enhancing the effec-
tiveness of dynamic pricing in reducing energy costs and improving grid reliability. This
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research will also shed light on how predictions can be effectively utilized in planning and
implementing dynamic pricing strategies, offering a valuable contribution to the existing
body of knowledge.

1.2. Contributions and Organization

Reinforcement learning has gained prominence as a robust methodology for enhanc-
ing the efficiency of energy management system (EMS) operations when confronted with
dynamic factors, e.g., varying prices of energy and utilization patterns. This research
presents a new approach to dynamic-pricing demand response (DR) for energy man-
agement, leveraging reinforcement learning techniques. The proposed model adopts an
actor—critic agent framework trained on demand response and real-time pricing (RTP) data.
The learning process incorporates a 17-year dataset obtained from the Australian Energy
Market Operator (AEMO), enabling the model to accurately forecast future energy demand
and pricing patterns.

The evaluation of the RL-based dynamic pricing approach in this study focuses on two
prediction scenarios: actual/predicted demand and actual/predicted price. The former
assesses the accuracy of demand prediction by comparing actual energy demand with the
model-generated predictions. Similarly, the latter evaluates the model’s ability to forecast
future energy prices by comparing actual prices with the predicted values. The results
demonstrate that the proposed model excels in accurately predicting both demand and
price, making it suitable for effective energy management.

Demand and price data ranging from 1999 to 2015 obtained from New South Wales
(NSW) was used to train the model, enabling it to predict future energy demand and prices
based on the behavior and characteristics of the AEMO. This capability proves valuable
for analyzing future energy demand patterns, understanding long-term trends, estimating
energy requirements for future power plants, and studying future pricing dynamics. The
present study makes a unique contribution by developing a deep reinforcement learning
model particularly tailored for dynamic-pricing demand response. Furthermore, it uses a
17-year pricing and demand database as a training resource, incorporating both historical
and real-time data to improve demand and price forecasts.

The rest of this paper is structured as follows. The actor—critic agent-based reinforce-
ment learning for the prediction of demand and price is presented in Section 2. Simulations
are presented in Section 3. Results and discussions are given in Section 4. Finally, conclu-
sions are presented in Section 5.

1.3. Literature Review

Several studies have been proposed to study price-based DR, and with price-based
demand response, electricity usage can be reduced during times of peak demand. For
example, in [27,28], the energy utilization forecast of housing appliances was examined
using time-of-use pricing to minimize the costs of customers and improve the efficiency
of energy. Correspondingly, the study in [29] examined the influence of large-scale field
exploitation of obligatory time-of-use pricing of industrial and commercial customers on
energy utilization. DR associated with industrial and commercial customers during vital
peak pricing is examined in [30] where the duration and time of the price raise were prear-
ranged. The studies [31-36] reported deterministic DR models with next-day pricing for
customers, where the next-day energy pricing is established a priori and optimized energy
utilization scheduling was predefined via reducing per-day costs. Two solutions, real-time-
incentive-based and next-day-pricing-based for large energy customers were proposed
in [37]; however, the time duration and incentive rate value were inferred before scheduling.

A study conducted in [38] introduced price-based demand response (DR) methods for
industrial loads, enabling control over both current and future load scheduling. However,
incorporating future price uncertainty into real-world conditions posed challenges in the
modeling process.
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The above-presented studies conclude that the operation of energy management sys-
tems, which depends on typical solutions such as deterministic policies and theoretical
models, undergoes two main problems: (i) involving the deterministic policies to operate
the non-stationary systems cannot assure optimization, and the alteration in variables can
lead to a consequence in cost, and (ii) theoretical models typically approximate the real
situation and consequently may be impractical as compared to the real energy management
systems. Theoretical models are essential for conceptualizing complex systems. However,
they often simplify reality, leading to discrepancies when applied to practical scenarios
like energy management systems. Simplification aids in isolating key variables, yet over-
looks unpredictable real-world elements like weather extremes or technical malfunctions.
Moreover, models often assume idealized conditions, such as a perfect energy transfer
efficiency, rarely reflected in practice. Hence, while theoretical models provide important
insights, their inherent approximations can limit their direct applicability to real-world
energy management systems. The emergence of artificial intelligence (AI) has spurred an
increasing interest in the application of reinforcement learning techniques for addressing
decision-making challenges in smart grid systems. Developments in reinforcement learning
have been recorded as a particularly deep Q-network in AlphaGo and Atari [39,40].

2. Materials and Methods

Reinforcement learning (RL), a machine learning approach, is involved in the process
of how a software agent takes actions in a stochastic situation to boost some assumption of a
growing reward as shown in Figure 3 [41]. In RL, an agent connects to its environment, and
at each time step, it chooses an action from the available options, which is then transmitted
to the environment. Following that, an agent is rewarded, and the environment develops
to new states.

Agent )€

uondYy
21815
plemay

Figure 3. Reinforcement learning setting.

In [41-44], RL models were employed for energy scheduling in storage systems and
achieved optimized charging/discharging policies. The studies in [45-47] used RL for
achieving energy management for certain demand response appliances such as thermostat-
controlled loads, electric water heaters, and more. A fully automated energy management
system for DR rescheduling as a RL problem was proposed in [48] where RL significantly
solved the problem over device clusters. A model-free batch RL model combined with a
market-based heuristic was proposed in [42] for energy rescheduling. The study in [49]
formulated a fundamental sequential decision-making problem as a Markov decision pro-
cess and employed RL for energy management. The study in [50] considered microgrids,
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where every microgrid can acquire or distribute energy to other microgrids. The RL was
employed among microgrids to select an acquiring/distributing energy trading strategy
such that average income will increase. RL in ref. [51] is employed to show the hierar-
chical decision-making structure where a discrete finite Markov decision procedure and
Q-learning are implemented to solve dynamic pricing. The elasticity of energy demand is
discussed in various studies [11,52-54]. The elasticity of energy demand is a measure of
the responsiveness of energy demand to changes in price. It is calculated as the percentage
change in units of energy demanded associated with a one percent change in price. Table 1
summarizes different models for energy price and demand prediction.

Table 1. Summary of Studies with Models for Demand and Price Response.

Reference Demand Price Elasticity Data Source (Both Real
Prediction Prediction Time and Historical)
[8] Experiment Model v v v X
[14] Dynamic Regression Model v X X X
[14] Transfer Function Model v X X X
[54] ARIMA model v X X X
[18] ARIMA model X v X X
[19] ARIMA model X v X X
[20] Support Vector Regression Model X v X X
[21] Autoregressive Model v X X X
[22] Trigonometric Gray Model v X X X
[23] Gray Model with Polling v X X X
[24] Semi-Parametric Model X Ve X X
[26] Linear Regression and ANNs v X X X
[28] GAME Theoretic Model X v X X
[29] Experimental Model X Ve X X
[30] Hourly Regression Model v X X X
[33] Reinforcement Q-learning v X v X
[35] Experimental Model X X v X
[36] Experimental Model X X v X
[37] Experimental Model X X v X
[51] Reinforcement Learning v v v X
[55] Experimental Model v v Ve X
Proposed Deep RL and LSTM v v v v

2.1. Proposed Dynamic-Pricing-Based Demand Response Approach

In this section, the proposed dynamic-pricing-based demand response is explained.
With dynamic-pricing-based DR, you can automatically lower your energy consumption
when prices are high or increase it during off-peak times of the day. The actor—critic agent
RL is employed to perform the dynamic-pricing demand response. The agent is capable
of predicting the load change based on history as well as external factors such as weather,
customer activity, and price. It uses this prediction to decide how much energy it should
buy from the grid at any given time. Firstly, the system model is explained. Secondly, the
actor—critic agent RL for the task is explained.

2.1.1. System Model

A hierarchy of the power system operation model is depicted in Figure 4, which is
comprised of a grid operator, a service provider, and end customers. The installation,
management, and maintenance of the national high-voltage energy grid are operated by
grid operators, where low-voltage energy is transmitted by the service provider. The service
provider receives energy from the grid operator at wholesale market rates and sells it to
end users at retail market prices. This study emphasizes the demand response algorithm
for forecasting future prices and energy consumption.
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Figure 4. Hierarchy of energy model.

2.1.2. Actor—-Critic Agent RL for Demand Response

During actor—critic training, first, the initial state is received; afterward, the actor
selects the price for the next step. The critic component evaluates the disparity between the
modeled demand predicted for the subsequent step and the actual demand given a new
price. The critic is retrained with respect to the difference between its prediction and the
model’s prediction. An actor is retrained to enforce or weaken its leaning to replicate the
same action in similar conditions depending on the critic’s result. This arrangement allows
the critic to examine the states with respect to the previous model’s information, which
is reliable but diverges from the real data. The actor adapts to price fluctuations to align
the critic’s return with zero, signifying the close match between expected and required
demand. At each time step t, the RL framework facilitates ongoing interaction between
the agent and the environment, through state s(t), action a(t), and reward r(t). The agent
observes the current state s(t) based on the variable set and subsequently selects an action,
a(t), accordingly. The environment, in turn, accepts the chosen action a(t) and transitions to
a new state, s(f + 1). The reward r(t + 1) related to transition (s(¢), a(t), s(t + 1)) is determined.
The aim of the RL agent is to learn the policy P, A: A x S — [0, 1], such that

Ma,s) = Pa(a(t) = als(t) = 5) M

Policy P increases the expected cumulative reward. The agent maximizes the expected
cumulative reward at each step G as

G(t) =r(t) +nr(t+1) +n*r(t+2) +...0"r(t + n) )

The conventional approach models the sequential decision-making problem as a
Markov decision process (MDP) where the environment is described with transition proba-
bilities. In this study, a continuous environment was employed and the model probabilities
of the environment were computed using recurrent neural networks (RNNs). An RNN uses
model outputs at each training epoch and appends to the new model input, which makes
RNNSs appropriate for time-series prediction. With the inputs and outputs of an RNN
model as the vectors x(t) and y(t), the model contains three connection weight matrices,
that is, W(ih), W(hh), and W(ho) with the hidden and output units as well as the activation
functions of f(h) and f(0). An RNN'’s actions may be characterized as a dynamical system
using a pair of nonlinear matrix equations:

h(t) = f(Winx(t) + Wyph(t — 1)) 3)
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y(t) = fo(Wonh(t)) 4)

where h(t) represents the hidden unit and activations set, which keeps the current states
of the model. During training, the model takes input samples sequentially, obtaining the
next input sample as output. The difference between the actual output and prediction (E) is
passed through the network layers backward and network weights are updated due to the
gradient descent rule where ¢ is the learning rate selected to make model training slighter.

9Eotal (fo, 11)
AW;j = —6 871/\/1] ®)
The RNN-based actor—critic algorithm is used to partially observe the Markov decision
process with continuous outputs. The actor—critic is an improved policy gradient technique
where a policy function selects an action and then model feedback improves the value
function. The policy function P or an actor takes the current state s(t) and returns the
energy price for the next time step a(t + 1). For example, in a single-agent RL scenario, the
actor (user) will look at its state(s) and use this information to decide how much power
to consume or return. When the price changes, the environment model creates a the new
state s(t + 1) and reward r(t + 1). The value function (Vf) or the critic predicts the expected
reward e(f + 1) and trains on the actual demand r(t + 1) for the subsequent state. The
actor updates its model of the environment and makes decisions based on this updated
knowledge. The critic is a reinforcement learning model, which provides feedback on how
close the actor’s estimates are to the true value given by the environment. This discrepancy
is used as the temporal-difference error to increase or decrease the actor’s leaning to prefer
the same price in a similar state by fitting its learning rate k where the training sample
is the price it recommended in the previous step. The weights of critics are updated on
temporal-difference errors directly using a gradient step with respect to these errors. The
process is represented in Figure 5.

Model
Architecture Setting

Hyperparameters
{Epochs, Learning
rate, optimization,

MAAANAAMANLATAR ;i Nl Y =
(I — e | 25 8 8 -

Reward r(t)

awl/puewaq

Error e(t)

Sunepdn ainaanyoIy
19pON

Input Sequence before
Normalization
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00000
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Action a(t)
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Max. Prediction
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Figure 5. Process of the selection of the model.
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3. Model and Simulation
3.1. Data Collection

The research data utilized in this study are sourced from the Australian Energy Market
Operator (AEMO) [21]. AEMO is responsible for managing electricity and gas systems and
markets in Australia, ensuring access to affordable, secure, and reliable energy. AEMO
houses a comprehensive dataset encompassing all Australian states, updated every 30 min
over the past 20 years, encompassing energy demand and prices. This dataset represents
real-time demand and pricing information. For this paper, the case study focuses on the
state of New South Wales (NSW). The dataset for NSW comprises 21 years, spanning
from 1999 to 2020, containing historical records of energy demand and price variations
over multiple years. The demand level is regulated by price, aiming to maintain a stable
operation of the power system. To automate this feedback model, a reinforcement learning
algorithm is employed, utilizing only objective variables from previous steps as inputs.
The dataset is divided into two parts: the first part, encompassing data from 1999 to 2015,
is utilized for training the model, while the second part, covering data from 2016 to 2020,
serves for testing the model’s efficiency, accuracy, and comparison with actual results
obtained from AEMO. No auxiliary data are utilized in the model development process,
ensuring a reliance on objective variables and historical trends.

3.2. Simulation Model

The model accepts inputs as three columns: date and hour, prices per 30 min, and
demand per 30 min. The actor and critic are implemented by using multilayer RNNs.
Additional RNNs trained with historical data are applied to model the environment,
predicting the next-state price and demand. No historical data are used to train the actor
or critic. The original dataset is split into two sets: one for training the model and the
other for testing its performance. The initial 6 years of data are used for training, while the
remaining years are allocated for testing.

The environment models are trained until accurate results are achieved, measured
with a mean squared error (MSE) of the demand model that is less than 5% of the demand
amplitudes. The weights obtained from this initial training are utilized as model weights
for both the actor and critic components. To strike a balance between training speed and
prediction quality, different variations in the number of layers are explored. A model
architecture with four layers for demand prediction and six levels for pricing prediction
is used to find the best tradeoff between these parameters. Both models’ initial layer is
an LSTM layer with 512 neurons, followed by further dense layers with a leaky-ReLU
activation function. Increasing the number of layers increases computing time substantially
while performance improvement is negligible. Using this architecture, the model achieves
optimized demand values that closely match the required demand throughout the entire
testing period. The training parameters used are provided in Table 2.

Table 2. Training Parameters.

Parameter Value
LSTM Units 512
Regularization L2 (1 x 107%)
Batch Size 1000
Activation Function LeakyReLU
Optimizer Adam
Learning Rate 0.0000000001
Loss Function Mean Squared Error (MSE)

4. Results and Discussion

The long short-term memory (LSTM) model is used to present the results of predicted
demand and price. To examine the performance, the mean absolute deviation of demand
and price from the average value is employed. In this experiment, the deviations from the
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Price

average value to control the price and demand are computed. Figure 6 indicates the prices
predicted with the controlled RL and uncontrolled LSTM. The controlled price prediction
is evident where uncontrolled price prediction shows very less impact. There is a clear
prediction pattern during the years for optimized results whereas no proper prediction
patterns for uncontrolled learning are seen. So, this learning approach failed to implement
in the scenarios where a machine can predict the future price of energy. It has been examined
that there is a large deviation in the predicted price with the uncontrolled method (LSTM)
and controlled method (RL). For example, the average actual price is around 78.66, which
is predicted as 30.14 with LSTM and 78.30 with RL, indicating approximately —61.84%
and —0.45% deviation from the actual value, respectively. These deviations indicate a
substantial disparity between the LSTM predictions and the actual prices, while the RL
model exhibits a much closer approximation to the actual prices.

Comparison between actual price and predicted price controlled

300
250
200
150
100

500 o

1/1/16 0:00

(RL) and uncontrolled (LSTM) method

1/1/17 0:00 1/1/18 0:00 1/1/19 0:00 1/1/20 0:00
Time
M predicted price ™ Actual price predicted_price

Figure 6. Comparison between predicted price with LSTM and optimized RL and actual price.

In other simulations, LSTM is used to predict the demand and observe the results.
Although the predicted demand for LSTM is better, there is still a possibility for further
optimization. In Figure 7, it is obvious that the actual and non-optimized demands are
almost similar, which are further optimized. The metric for historical data is 981.4, the
metric for predicted data is 973.8, and the metric for optimized data generated with actor-
critic RL is 248.9, which indicates that this approach is four times more efficient for the
proposed task. To provide a better context, the actual demand for the entire dataset is
7976.23, which is predicted with the LSTM as 11,490.33 and 8022.43 with the RL method,
respectively. The deviation from the actual demand is very high for LSTM (44.12%) whereas
itis very less for RL (0.73%). The above results show the existence of direct, while nonlinear,
dependencies between price and demand in the explored dataset with a strength that means
it was possible to control demand through automated price changing. The optimized
demand generated with the RL approach indicates that intelligent price manipulation may
effectively impact and control demand. Figure 7 verifies this presumption.

Further results are based on the data representing date and time, which are increased
gradually by half an hour. The model’s predictions for price and demand are compared
to the actual values obtained from AEMO for corresponding dates and times. Figure 8
represents the actual and predicted demand for 4 months (1 January 2016-1 March 2016)
every 30 min. The results indicate that the model successfully predicted the demand for a
given time. The predicted demand shows a close correlation with the actual demand. By
comparing the results with actual-predicted demand, it is clear that the model predicted
the future demands with a better accuracy (99%) for every 30 min, which helps in knowing
the demand energies for future months. Such knowledge enables energy management
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systems to develop energy management and generation plans on an annual or monthly

basis, in addition to improving grid protection and transmission lines.

Comparison between actual demand and predicted
demand controlled (RL) and uncontrolled (LSTM) method
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Figure 8. Demand for the selected period of months from the AEMO dataset: actual vs. predicted.
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Table 3 shows the difference between the predicted and actual demand where the
RL model successfully predicted the demand based on the actual demand. Actual vs.
predicted is a comparison of the actual demand that occurred with the projected demand
over a certain period. This difference can help identify any trends or patterns in consumer
behavior. There is a small difference between the actual and model-predicted demand with
99% prediction accuracy. An additional 6-month period is chosen to illustrate the influence
of reinforcement learning on prediction tasks. The results are averaged monthly for the
sake of clarity and comprehensibility. Figure 9 displays the actual-predicted demand across
the entire dataset, demonstrating a high level of agreement between the model’s output
and the actual demand, thus confirming the effectiveness of reinforcement learning (RL) in
this particular task.

Table 3. Difference between predicted and actual demand over a 6-month period.

Date Time Actual Predicted Difference Mean Squared
Demand Demand (ADemand) Error (MSE)
1 May 2016 7462.67 7506.12 0.58% -
1 June 2016 7440.01 7493.94 0.72% -
1July 2016 7325.68 7384.83 0.80% -
1 August 2016 0.00-23.30 7413.97 7463.65 0.67% -
1 September 2016 7163.77 7216.83 0.74% -
1 October 2016 7354.75 7370.56 0.21% -
Average 7360.14 7405.98 0.62% 9.07
Demand Comparison (kW)
10,000.00
8,000.00
©
5 6,000.00
E T
]
©  4,000.00
2,000.00
0.00
1/1/2016 1/1/2017 1/1/2018 1/1/2019 1/1/2020
Time

MW predicted demand M Actual demand

Figure 9. Actual vs. predicted demand for complete AEMO dataset (17 years).

The analysis of actual and predicted demand from simulations was conducted for
the period of 2016-2020. Figure 10 shows the results for selected years, where the average
annual results are examined to evaluate the actual demand, which serves as the basis
for demand prediction. The RL model demonstrates a reduced data fluctuation, and the
variations in demand are highlighted for each individual year.

Our results for price prediction are also based on the data representing date and time,
which are increased gradually by half an hour. The RL model’s price predictions for each
date and time are subsequently compared to the actual price and demand data obtained
from AEMO. In Figure 11, the predicted prices for 4 months in the year 2016 are represented
to show the success of RL. The results show that the RL model efficiently predicted the price
for a given period of months. The predicted price shows a close correlation with the actual
price. By evaluating the results from the actual-predicted price, it is observed that the RL
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helps in knowing the pricing for the future. This pricing planning enables the management
systems to organize annual or monthly plans for future pricing. It is examined that there
are very less fluctuations in price predictions.
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Figure 10. Actual vs. predicted demand for years 2016-2020.

Actual Price

11162230 SR

o
m
&
-~
©
b
N
-~

co oo 00 0000000000000 O0O SO0 0000000000
R =] SANTSTDHVONTOROSANSANTOOS NI O SANONSDB®BSANT OO N
— = - N mmmm\oﬁﬁﬁﬁﬁf\lf\lmm\o\omﬁﬁﬁﬂ NN\O\OLD\QLQF‘HF"—"—'NN
0 W WO W R R e R Y R Y Y R IR I A V- YR V- R g -} LW DWW WYY D
:.::.:"."'.' A A ST AT A n e T IaTdTT
o HoH o QAL LS DD DD A I I A A A A A A
o G o - B L L
Time

1-1-16 0:30
1-1-16 2:30
1-1-16 4:30
1-1-16 6:30
1-1-16 8:30
1-1-16 10:30
1-1-16 12:30
1-1-16 14:30
1-1-16 16:30
1-1-16 18:30
1-1-16 20:30
1-1-16 22:30

1-2-16 0:30
1-2-16 2:30
1-2-16 4:30
1-2-16 6:30
1-2-16 8:30
1-2-16 10:30
1-2-16 12:30
1-2-16 14:30
1-2-16 16:30
1-2-16 18:30
1-2-16 20:30
1-2-16 22:30
1-3-16 0:30
1-3-16 2:30
1-3-16 4:30
1-3-16 6:30
1-3-16 8:30
1-3-16 10:30
1-3-16 12:30
1-3-16 14:30
1-3-16 16:30
1-3-16 18:30
1-3-16 20:30
1-3-16 22:30
1-4-16 0:30
1-4-16 2:30
1-4-16 4:30
1-4-16 6:30
1-4-16 8:30
1-4-16 10:30
1-4-16 12:30
1-4-16 14:30
1-4-16 16:30
1-4-16 18:30
1-4-16 20:30
1-4-16 22:30

=
3
o

Figure 11. Actual vs. predicted price over a 4-month period.

To evaluate the difference between actual and predicted pricing, a 10-month timeframe
in 2019 was chosen, as depicted in Table 4. The minimal difference between predicted and
actual prices suggests the proficiency of RL in forecasting future pricing computations. The
different periods were chosen because they allow for a comparative analysis of the model’s
performance over time and help to understand if the model’s accuracy is consistent across
different time periods. Again, the results are averaged over the entire month for a better



Energies 2023, 16, 5469

14 of 19

understanding. The actual-predicted demand for the entire dataset is depicted in Figure 12
where it is observed that the model output pricing is nearly equal to the actual price with
small fluctuations, indicating the success of RL for this future pricing task. In the set of
simulations, the actual and predicted prices for the years 2016-2020 are examined.

Table 4. Difference between predicted and actual price over a 6-month period.

. . . . Difference Mean Squared
Date Time Actual Price Predicted Price (APrice) Error (MSE)
1 March 2019 94.10 91.27 3% -
1 April 2019 104.59 101.46 2.99% -
1 May 2019 93.21 89.71 3.75% -
1 June 2019 0.00-23.30 64.82 61.39 5.29% ;
1 July 2019 70.32 68.70 2.30% -
1 August 2019 91.48 88.32 3.45% -
Average 86.42 83.48 3.4% 2304.4/9.79%
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Figure 12. Actual and predicted prices for the entire dataset (AEMO, 17 years).

Figure 13 displays the results for selected years, where the yearly average is taken
to observe the actual price for future prediction. The RL model exhibits minor prediction
errors. Variations in pricing are highlighted across individual years, with the highest
difference observed in 2020 and the lowest in 2016. This indicates price fluctuations
associated with an increasing energy demand over time. The proposed RL approach is also
compared to other studies in terms of price and demand elasticity. The price elasticity of
demand measures the extent of energy demand changes in response to price fluctuations,
while demand elasticity encompasses the broader impact of price changes and other factors
on demand.

The price and demand elasticity of the study [56], the suggested RL method, and
LSTM are shown in Table 5. The elasticity was determined for two time periods, namely
01:00 a.m. to 12:00 p.m. and 01:00 p.m. to 11:30 p.m. The price elasticity of demand in
the suggested RL technique is —1.574 during off-peak hours and —0.2422 during mid-
peak hours. For off-peak and mid-peak hours, LSTM has price elasticities of —1.405 and
—0.7441, respectively. Price elasticity values for the same time periods are —0.300 and
—0.550 in research by Miller et al. [56]. These figures show energy demand’s sensitivity to
fluctuations in energy costs, with larger absolute values suggesting more responsiveness.
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The ¢ indicates the average elasticity values for off-peak, mid-peak, and on-peak periods.
The values —0.3, —0.5, and —0.7 suggest the average responsiveness of energy demand
to changes in price during these respective time periods. Elasticity values less than zero
indicate that demand decreases with price increases.
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Figure 13. Actual and predicted pricing for years 2016-2020.

Table 5. Comparison of Elasticity with the proposed model.

Method 01-12 a.m. 01-23.30 p.m.
= Proposed RL —1.574 —0.2422
LSTM —1.405 —0.7441
Miller et al. [56] —0.300 —0.550
Off-Peak Mid-Peak On-Peak
€ (1-12 a.m.) (13-16 p.m., 22-24 p.m.) (1721 p.m.)
-0.3 —-0.5 -0.7

Table 6 represents the recent literature work compared to the proposed model. Various
methods, such as Trigonometric Gray Models, regression models, support vector regression
models, LSTM, CNNSs, and other deep learning models, are referenced in the table. Each
method utilized a specific dataset and their performance was compared using MAPE
(Mean Absolute Percentage Error). The proposed model used a 17-year AEMO dataset
and achieved a very low MAPE value of 0.1548 for price prediction and 0.0124 for demand
prediction. Based on the provided MAPE values in the referenced studies, the proposed
model (LSTM and RL) outperforms other models in terms of accuracy, with very low MAPE
values for both price and demand.

Table 6. Recent comparative studies compared with our proposed model.

Reference Year Models Dataset MAPE (%)
. . Electricity demand data from 1981 to 2002
221 2006 Trigonometric Gray Model collected from China Statistical Yearbook 237
Support Vector Regression Real data of electricity demand from 2004
[28] 2012 Model (January) to 2008 (May) 3.799
[30] 2015 Linear Regression and ANNs Electricity consumption data of India 0.430
. Household Appliance Consumption
57] 2020 Itg:‘s;’a‘i'geefxgifgﬁsggﬁgp Dataset from March 2011 to July 2011 0.6159
obtained from REDD
Power consumption data from 2012 to 2017
(581 2020 LST™M obtained from Vietnam
Three-year data of wind speed, load . .
[59] 2021 B-LSTM demand, and hourly electric price for 18.6 for electricity price;

Ontario 3.17 for load demand
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Table 6. Cont.

Reference Year

Models Dataset MAPE (%)

[60] 2021

Australian Government’s Smart Grid Smart
City (SGSC) project database, initiated in
2010. This database contains information
Pyramid CNN from numerous individual household 39
energy customers who have a hot water
system installed. The dataset encompasses
data from thousands of these customers.

[61] 2022

1.71 for 30 min
3.5 for 1 day
5.1 for 1 week

Open access data from EDM (Electricity

CNN+ LSTM + MLP Demand of Mayotte)

[62] 2022

Support Vector Regression
(SVR) + Firefly Algorithm (FA)
+ Adaptive Neuro-Fuzzy
Inference System (ANFIS)

Twenty-four-year data of Smart Meter
Consumption (1994-2017), obtained from
World Bank, Electricity Sector Regulatory 0.4124
Agency of Cameroon, and Electricity
Distribution Agency

Proposed

Model 2023

0.1548 (price)

LSTM and RL 17 years, AEMO dataset 0.0124 (demand)
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5. Conclusions

This paper proposed an actor—critic agent reinforcement learning model to predict the
dynamic-pricing DR for energy management where the learning model was trained on
the demand response and real-time pricing. The data were extracted from the Australian
Energy Market Operator and the model was trained over 17-year data to predict the future
energy price and demand. The model predicted the future data for the demand and prices,
which is useful to analyze future energy demand and pricing; in addition, it can build a
structure to control energy demand and pricing. Various periods (months and years) of
time in terms of the actual and predicted prices and demand were examined, respectively.
The prediction of demand and price for 17 years was examined and we concluded that the
proposed RL model can accurately predict the future calculations of price and demand
with excellent future planning in the energy sector. There were very small variations in the
predicted demand and prices as compared to the actual values. From the predicted values,
we can build an average choice of a future price and demand, thereby being able to control
the price and demands in the energy sector.
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