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Abstract: To reduce the energy consumption of domestic hot water (DHW) production, it is necessary
to reasonably select a water supply plan through early predictions of DHW consumption to optimize
energy consumption. However, the fluctuations and intermittence of DHW consumption bring
great challenges to the prediction of water consumption. In this paper, an ANN-LSTM-A water
quantity prediction model based on attention mechanism (AM) enhancement is improved. The
model includes an input layer, an AM layer, a hidden layer, and an output layer. Based on the
combination of artificial neural network (ANN) and long short-term memory (LSTM) models, an AM
is incorporated to address the issue of the traditional ANN model having difficulty capturing the
long-term dependencies, such as lags and trends in time series, to improve the accuracy of the DHW
consumption prediction. Through comparative experiments, it was found that the root mean square
error of the ANN-LSTM-A model was 15.4%, 13.2%, and 13.2% lower than those of the ANN, LSTM,
and ANN-LSTM models, respectively. The corresponding mean absolute error was 17.9%, 11.5%, and
8% lower than those of the ANN, LSTM, and ANN-LSTM models, respectively. The results showed
that the proposed ANN-LSTM-A model yielded better performances in predicting DHW consumption
than the ANN, LSTM, and ANN-LSTM models. This work provides an effective reference for the
reasonable selection of the water supply plan and optimization of energy consumption.

Keywords: water consumption prediction; artificial neural network (ANN); long short-term memory
(LSTM); attention mechanism (AM)

1. Introduction

More than 100 countries around the world have pledged to achieve carbon neutrality,
and reducing energy consumption and greenhouse gas emissions is the main challenge in
the coming decades [1]. At the building level, water-related energy consumption mainly
comes from the production of domestic hot water (DHW). In 2022, the total number of
college students in China reached 46.55 million. However, the per capita water consumption
of college students is two times higher than that of the national residents [2]. Therefore,
the application of data science and technology to deeply mine these water use data and
analyze the water consumption variations and characteristics has become the only way
to optimize water use. However, the fluctuation and intermittence of DHW utilization
pose significant challenges for the administration of water supply systems. Using big
data and artificial intelligence to accurately predict the water usage of DHW can supply
strong assistance for the operation and scheduling of water supply systems, which is
convenient for the reasonable selection of a water supply plan, optimization of production
scheduling, and improvement of the water supply system efficiency [3]. As data science
and technology continue to advance, the utilization of artificial intelligence techniques
like deep learning in water supply systems is becoming more widespread and profound.
Common deep learning algorithms include the convolutional neural network (CNN) [4-6],
recurrent neural network [7-9], long short-term memory (LSTM) [10-12], and generative
adversarial network algorithms [13-15].
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The artificial neural network (ANN) algorithm is a machine learning algorithm in-
spired by biological neural networks, which can adapt to a substantial volume of data
and complex problems, and it has a strong generalization ability. It can also deal with
nonlinear problems and is widely used in various industries. Currently, ANNs have been
used in many fields to make predictions, such as predicting the annual consumption of
natural gas [16], the wear rates of AI-MnO2 nanocomposites [17], the shear strengths of
beams [18], the energy consumption of heating stations [19], the underground temper-
ature [20], and the energy consumption of typical households [21]. Additionally, there
are various applications related to forecasting water usage. The ANN residential water
demand prediction model can be used to simulate the reduction in the water demand [22].
Walker et al. [23] enhanced the capabilities of ANN models using summary statistics. The
established models can predict water consumption in some cases, but they have difficulty
making accurate predictions during peak water consumption periods. Due to the time
correlation of time series data, the traditional ANN model has difficulty capturing the
long-term dependencies, such as lags and trends in time series, which results in a decline
in the precision of the predictive outcomes [24-26].

The data related to DHW consumption consist of time series data, which are used to
make predictions based on training data. The LSTM model has the ability to capture the
nonlinear attributes of time series data more efficiently, making it extensively utilized in
time series forecasting. In addition, considering the relationship between weather factors
and water consumption, a multivariate LSTM model was proposed. Its prediction accuracy
was better than that of the univariate LSTM model [27]. Simultaneously, by introducing the
combination of an AM and an LSTM model, the LSTM model can be further optimized for
better prediction performance [28].

To overcome the limitations of the aforementioned deep learning algorithms in the
prediction of DHW usage in the centralized hot water system of college student apartments,
this article suggests an enhanced ANN-LSTM-A model for water usage forecasting that
leverages AM. Leveraging the amalgamation of the ANN and LSTM algorithms, the intro-
duction of AM enhances the model’s capabilities to handle sequence data. By employing
the AM, it bolsters the model’s capacity to identify and characterize patterns within set or
sequence data, which in turn improves the overall accuracy of the model’s predictions.

The subsequent sections of this paper are organized as follows: Section 2 presents
the data source and executes the analysis. Section 3 details the proposed ANN-LSTM-A
water consumption prediction approach, improved by an AM. Section 4 illustrates the
procedure of the experimental setup and implements four comparative experiments to
assess the performance of the suggested method. The discussion of experimental outcomes
is found in Section 5. Finally, Section 6 encapsulates the significant conclusions drawn from
this research.

2. Data Analysis
2.1. Data Sources

Xi'an City is situated in the Guanzhong Plain of Shaanxi Province. It experiences
a warm, temperate, semi-humid continental monsoon climate characterized by four distinct
seasons. The water data utilized in this study originated from authentic data sources of
DHW in a female student apartment building in a university in Xi’an, China. The data
were collected from 1 March to 30 November 2022, of which 17 June to 7 September 2022
was the student holiday period. During this time, only a few students stayed at the school,
so the amount of water used was small. The data included the user ID, water consumption
time, settlement time, and water consumption amount. The water consumption data corre-
sponding to each period were obtained through the conversion of the water consumption
charge standard. Then, the collected water consumption data were used to sort out the
hourly water consumption data, that is, the hourly DHW consumption. These data helped
us to further perform the DHW consumption analysis and DHW consumption predictions.
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2.2. Analysis of Water Usage Habits

Through statistics, the daily DHW consumption in this period was determined. The
collected data were analyzed to obtain the variation characteristics of water consumption in
the student apartment. As shown in Figure 1, the water consumption of DHW was affected
by seasonal factors. There was a disparity in consumption during winter and summer,
with winter seeing high consumption levels and summer experiencing low levels. This was
mainly because in the winter, due to the lower outdoor temperature, people feel cold and
are more inclined to use hot water baths to keep warm. Summer temperatures are higher,
and people may be more inclined to use cold water to bathe or reduce the use of hot water.
The maximum water consumption is 30,408 L, the minimum is 3187 L, and the average is
15,768 L. The water consumption of DHW was also affected by personal habits. As shown
in Figure 2a, this is the average daily hourly water consumption during data collection.
There were three peaks in the average hourly water consumption: from 6:00 to 8:00, from
11:00 to 14:00, and from 18:00 to 0:00, with the highest water consumption in the evening.
Everyone has different water habits. Some people like to shower in the morning to refresh
their minds. Some people like to shower in the afternoon to keep their bodies refreshed, but
the evening is the most frequent time to use water. Apart from variations across different
time periods, the daily water usage also exhibited variations among different days of the
week. As shown in Figure 2b, it is the average water consumption spent in one day from
Monday through Sunday during the data collection period. It can be seen that Sunday was
the period with the highest use of hot water for bathing. This may have been because there
is usually more time for bathing and relaxation on this rest day. In summary, the water
consumption of DHW showed certain variation characteristics in different seasons and
periods. These variations are influenced by many factors, such as seasonal factors, personal
habits, and rest days.

30,000 4
=
~
= 25,000 4
=}
o=
2. 20,000
g
2
2 15,000
o
Q
s 10,000 -
2
<
B 5000 A

N R VA R R A I
S M M P S S &’ S & 3 £
> AN & Q) o 8 S
SHEOUIFS LN S NS
Time

Figure 1. Daily variation in domestic hot water (DHW) water consumption.
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Figure 2. (a) Average daily water consumption per hour during the data collection period; (b) average
single-day water consumption from Monday to Sunday during data collection.

3. Methodology

By using big data and artificial intelligence technology, the accurate prediction of DHW
consumption can be realized, which provides support for the water supply system. By
collecting a large amount of historical water data and combining deep learning algorithms,
a water model can be established to predict water consumption for a period in the future.
This prediction can supply an exact message for the operators of the water supply system so
that they can reasonably arrange the water supply plan, optimize the production scheduling,
and improve the efficiency of the water supply system. By analyzing big data, we can
understand the trends and variations in DHW use and identify water use patterns in
different periods and different weather conditions. At the same time, artificial intelligence
technology can automatically learn and adjust water models so that they can adapt to
changing environmental conditions and user behaviors. By continuously collecting real-
time water data and updating the model, the system has the potential to enhance prediction
precision continuously, thereby offering more precise recommendations for water supply
planning and scheduling. Using big data and artificial intelligence to accurately predict the
water usage of DHW can not only improve the efficiency and management level of the water
supply system but can also reduce the occurrence of an excess or insufficient water supply,
conserve water resources, and reduce the operating costs of the water supply system.
Therefore, the application of big data and artificial intelligence technology will bring many
benefits to the operation and scheduling of the water supply system and promote the water
supply industry to move in the direction of intelligent and sustainable development.

3.1. Artificial Neural Network

An ANN is a multi-layer feedforward network based on error backpropagation train-
ing of the parameters. It is generally composed of an input layer, an output layer, and
a hidden layer [29]. As shown in Figure 3, the operation of an ANN essentially entails
two primary procedures: a forward propagation of the working signal and a backward
propagation of the error. During forward propagation, the ANN allots weights and biases
to the input of each layer and computes its output, which serves as the input for the suc-
ceeding layer. Every neuron in the ANN is designated a particular weight, and a transfer
function is employed to compute the weighted sum of the input and bias. After the transfer
function calculates the sum, the activation function obtains the result until it receives the
output so that it can trigger the appropriate result from the node.
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Figure 3. Artificial neural network (ANN) network structure.

In the prediction problem, an ANN can make predictions by learning the mapping
relationship from input to output. Through the combination of multiple hidden layers and
nodes, an ANN can learn more complex features and patterns to improve the accuracy of
the prediction. In the typical training procedure of an ANN, the gradient descent approach
is commonly utilized to revise the connection weights among nodes, with the objective of
minimizing the disparity between the predicted output and the genuine value [30]. The
specific formulas are as follows: y = f(wx; +b) )

where x; is the input value at the current moment; y is the output value; w and b are the
weight value and the deviation value respectively; and f is the transfer function.

3.2. Long Short-Term Memory

Recurrent neural networks exhibit short-term memory, gradient explosion, gradient
disappearance problems, and long-term time dependence. Hochreiter et al. [31] developed
the LSTM model to overcome gradient disappearance problems. The LSTM model realizes
the modeling of long-term dependencies by introducing three gates to control the input,
output, and forgetting of information. As shown in Figure 4, these three gates are the input
gate, forget gate, and output gate.

Forget gate Cell state

tanh

& Input gate Output gate

Figure 4. Long short-term memory (LSTM) network structure.

In the LSTM model, the input gate passes the message retained in the previous layer
and the new message of the current input to two activation functions. The sigmoid function
mainly fuses the current input signal with the output state of the previous moment to obtain
a weight vector with a value range of [0, 1], while the tanh function mainly establishes
a new candidate value vector. Both represent the importance of the current input signal to
the internal state. The weight vector can be used to filter irrelevant input signals, retain only
the most useful information, and finally multiply the output values of the two activation
functions. The specific formulas are as follows:
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where i; and C; are the outputs of the sigmoid and tanh functions, respectively; W; and W,
represent the weight matrices of the two layers; b; and b, represent the bias vectors of the
two layers; the subscript ¢ corresponds to the output gate; and C; is the cell state output to
the next time unit.

The forget gate is mainly used to fuse the cell state C;_1 of the previous moment with
the input signal of the current moment through to obtain a weight vector with a value range
of [0, 1], which can represent the forgetting ratio of each state value. Close to 0 represents
forgetting, and close to 1 can be retained. This is represented as follows:

ft = ao(Wg - 11, x¢] + by) 7)

where x; is the input value of the current time; /i1 is the output value of the upper hidden
state; Wy and by are the weight matrix and bias vector of the layer, respectively; and the
subscript f corresponds to the forget gate.

The output gate mainly determines the value of the next hidden state and fuses the
input signal of the current moment with the output state of the previous moment through

the activation function:
0 = U(Wo : [htflz xt] + bo) 8)

hh =0 ® tanh(Ct) )

where W, and b, denote the weight matrix and bias vector, respectively; I is the output
value passed to the next hidden state; and the subscript o represents the output gate.

3.3. Attention Mechanism

The AM is a mechanism for allocating resources, as shown in Figure 5. This mechanism
mimics human attention by focusing on related areas while reducing attention to unrelated
areas. This mechanism enhances the importance of key information and ameliorates
the veracity of the model by discarding unimportant information and amplifying key
information [32]. The AM achieves this using a probability distribution to pay full attention
to key information and compensates for the information loss created by the long sequence
of the LSTM. The AM treats the importance of different features in each layer of the
network as different, and the subsequent layers should pay more attention to the significant
information and suppress the nonsignificant information. The introduction of an AM can
improve the pattern discovery and representation ability of the model on sequence or
ensemble data, thus ameliorating the prediction exactitude. The equations of the AM are

as follows:
e = utanh(Wh; + b) (10)
_ expler)
= i (1)
e
=

i
st =) ah (12)
=1
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Figure 5. Attention mechanism structure.

The attention scoring function e; is responsible for calculating the correlation between
the power load at time t and the LSTM network layer output vector. The weight coefficient
is represented by u and W, and the output of the attention layer at time ¢ is represented
by St.

3.4. ANN-LSTM-A Model

Given the limitations of the ANN algorithm mentioned earlier in the prediction of
water usage in the centralized hot water system of college student apartments, the ANN
often fails to obtain the time dependence for time series data, resulting in inaccurate
prediction results. To overcome this problem, this paper proposes an ANN-LSTM-A model.
On account of the combination of the ANN and LSTM algorithms, the AM is introduced.
While improving the ability to model sequence data, the AM can be fully used to advance
the model’s pattern discovery and representation ability on sequence or ensemble data,
thereby further improving the prediction exactitude of the entire model, as shown in
Figure 6.

x; —{LSTM LSTM |/

k.

%3 —>|LS‘2’"M | LSTM |+ /

%3 ~>|LS‘1:M| LS‘TM|—> :

xp, —|LSTM —LsTM |
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\ : JL Y
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(LSTM) o (ANN) (ANN)

Figure 6. ANN-LSTM-A model.

The features used to predict student water consumption were the date and water
usage. The attributes were organized in a comma-separated value file (CSV) file and fed
into the ANN-LSTM-A model, comprising an input layer, an AM layer, a hidden layer, and
an output layer. The input layer employed the LSTM neural network due to its frequent
application in sequence data analysis, with an inserted AM layer between the LSTM and
the ultimate output layer. The hidden and output layers utilized ANNs. In the LSTM layer,
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the input was passed to the LSTM unit through the time step. The LSTM layer captured
the time dependence of the input data and took the hidden state and the cell state as the
outputs. The hidden state, which houses the sequence data, was cyclically forwarded to
the succeeding time step. The hidden state of the last time step of the sequence was used
as the context vector of the model. Next, the context vector was processed through the
AM layer, and the important input data were weighted and fused. Then, the output of the
LSTM layer weighted by the AM was mapped to the hidden layer (ANN). The AM layer
was designed to learn and concentrate on the more significant time steps within the LSTM
layer. Finally, the output from the active hidden layer was transferred to the output layer.

4. Prediction and Analysis
4.1. Experimental Process

The experimental process of the ANN-LSTM-A model for predicting DHW consump-
tion in the student apartment is shown in Figure 7 and described as follows.

(1) The DHW consumption data were normalized, 90% of the datasets were used for
training, and the remaining 10% were used for testing.

(X — Xmin) X2
(Xmax - Xmin) -1
where X is the raw input data of the network model, Ximax and Xpin are the maximum and
minimum values of the raw data, respectively, and X’ is the value after normalization.

(2) The input and output of the ANN-LSTM-A model were determined, and the ANN-
LSTM-A-based model for predicting DHW consumption was developed with the goal
of determining the optimal number of iterations, batch size, and other
relevant hyperparameters.

(3) The ANN-LSTM-A model was trained, and the weights and bias values were opti-
mized according to the output error of each iteration.

(4) When the number of training iterations reached the maximum number, the training
ended, and the ANN-LSTM-A model began to predict DHW consumption. If the num-
ber of training iterations did not reach the maximum number, the process returned to
(3) to continue the iterations.

(5) The test dataset was used to test the determined ANN-LSTM-A model, and the
corresponding root mean square error (RMSE) and mean absolute error (MAE) values
were calculated.

X! =

(13)

Training set

Define the ANN-LSTM-A model |

Establish ANN-LSTM-A prediction model |

|

Determine model parameters
and calculate loss function

N Y
Satisfy the stop
condition

Prediction
network model
Evaluate model|

performance

Figure 7. Experimental flowchart of water consumption prediction.

Epoch=Epoch+1
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4.2. Evaluation Indicators

To contrast with the performance of the model, RMSE and MAE were used to measure
the exactitude of the prediction models. The RMSE is a metric used to evaluate the disparity
between the predicted values of a model and the actual observed values. It calculates
the square root of the average difference between the predicted values and the observed
values. The purpose is to assess the prediction accuracy of the ANN-LSTM-A model on
the test dataset. A lower RMSE value indicates a smaller variance between the model’s
predictions and the actual observed values, implying a higher accuracy of the model. The
MAE is another commonly employed metric to measure the dissimilarity between the
predicted values of a model and the actual observed values. It calculates the mean absolute
difference between the predicted values and the actual observed values. A lower MAE
value signifies a smaller average absolute difference between the model’s predictions and
the actual observed values, indicating a higher accuracy of the model. The formulas are

as follows:
n
RMSE = 4 | Y (i — yi)? (14)
i=1

1
MAE = 2} |9i — vil (15)
i=1

S|

where 7; is the predicted value, y; is the actual value, ¥, is the average value, and n is the
total number of samples.

4.3. Comparison of Multi-Model Prediction Results

Nine months of water consumption data were used for statistics to facilitate the
comprehensive capture of the long-term trend and periodicity of water consumption. By
analyzing long-term data, seasonal fluctuations and long-term trends could be revealed.
In the training of a deep learning model, selecting short-term daily and weekly data as
prediction samples yields predictions in these timeframes, which can better reflect the
current situation and trend of water consumption. In addition, short-term data are more
easily learned and understood by deep learning models, and more accurate prediction
models are trained. Therefore, based on the given historical water consumption data, we
used four different deep learning models, ANN, LSTM, ANN-LSTM, and ANN-LSTM-
A, to predict the water consumption on 30 November 2022, and from 24 November to
30 November 2022.

As shown in Figure 8, the forecasting outcomes of the ANN-LSTM-A model closely
aligned with the actual values. Each model yielded different accuracies and deviations
in the same period. Figure 9a shows the comparison between the water consumption
prediction results of the ANN model and the actual values. It can be observed from
the graph that there was a certain level of deviation between the predicted values and
the actual values of the ANN model. The RMSE and MAE values were 0.39 and 0.27,
respectively. Figure 9b illustrates the comparison between the predictions of the LSTM
model and the actual values for water consumption. The LSTM model showed better
accuracy and smaller deviations in its predictions than the ANN model, with RMSE and
MAE values of 0.38 and 0.26, respectively. Figure 9c shows the comparison between the
water consumption prediction results of the ANN-LSTM model and the actual value.
Compared with the ANN and LSTM models, the prediction accuracy and deviation of the
ANN-LSTM model were improved, and the RMSE and MAE values were 0.38 and 0.25,
respectively. Figure 9d shows the water consumption prediction results of the ANN-LSTM-
A model compared to the actual values. Notably, the predictions of the ANN-LSTM-
A model exhibited greater proximity to the actual values compared to the other three
models. The model demonstrated promising performance with RMSE and MAE values of
0.33 and 0.23, respectively.
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Figure 8. Comparison of the actual and predicted values of 1-day water consumption for different models.
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Figure 9. (a) Comparison between the actual and predicted values of the 7-day water consumption
for ANN models; (b) Comparison between the actual and predicted values of the 7-day water
consumption for LSTM models; (c¢) Comparison between the actual and predicted values of the 7-day
water consumption for ANN-LSTM models; (d) Comparison between the actual and predicted values

of the 7-day water consumption for ANN-LSTM-A models.

Table 1 shows the performance evaluations of diverse prediction models. The RMSE
and MAE values of the ANN-LSTM-A model were 15.4% and 17.9% lower than those of
the ANN model, respectively. Similarly, the RMSE and MAE values of the ANN-LSTM-A
were, respectively, 13.2% and 11.5% lower than those of the LSTM model. The RMSE
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and MAE were, respectively, 13.2% and 8% lower than those of the ANN-LSTM model.
As shown in Figure 10, the RMSE and MAE of the ANN-LSTM-A were smaller than
those of the other prediction models. By comparing the ANN-LSTM and ANN-LSTM-A
models, it was found that the introduction of the AM had significant advantages in the
DHW consumption prediction. The addition of AM in the model facilitated dynamic
learning and an adjustment of weights at various time points. This feature enabled the
model to selectively emphasize and highlight crucial features within the input data. After
introducing the AM, the ANN-LSTM-A model could adaptively adjust the weights to better
acquire the important dependencies in the data.

Table 1. Performance evaluation of different prediction models.

Model RMSE MAE
ANN 0.39 0.28
LSTM 0.38 0.26
ANN-LSTM 0.38 0.25
ANN-LSTM-A 0.33 0.23

[ IRMSE
I MAE

ANN+LSTM+A

l

ANN+LSTM

LSTM

ANN

1
0.0 0.1 0.2 0.3 0.4

Figure 10. Comparison of error evaluation indices of different models.

In summary, by observing and comparing the prediction results of four deep learning
models, we found that each model may show different accuracies and deviations in the
same period. Among the four models, the ANN-LSTM-A model had the first-rate prediction
results, which were close to the actual water consumption values. This shows that when
processing sequence data, the introduction of the LSTM network could effectively mine
the information in the historical data. Simultaneously, the combination of the ANN and
LSTM enabled the model to acquire the long-term dependencies of the time series data
while learning the high-order features of the data. When the AM was appended, the model
could automatically learn key information with a higher accuracy and further improve
the prediction effect. Therefore, through comparative analysis, the ANN-LSTM-A model,
which combined an ANN, an LSTM, and an AM, exhibited a more accurate prediction
ability in predicting water consumption.

Kupiec’s p-test is a statistical test commonly used to evaluate the accuracy of risk
models. Its main purpose is to test the accuracy of the Value at Risk (VaR) model, which
predicts a certain value that extreme market losses will not exceed. The p-value of Kupiec
is used to evaluate the performance of the predictive model in tail events by calculating the
p-value of Kupiec’s LR statistic. The p-value represents the probability corresponding to
the Kupiec’s LR statistic calculated based on the empirical distribution function, which is
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used to determine the significance of the tail prediction accuracy of the prediction model.
Although Kupiec testing is commonly used for VaR models, in principle, similar types of
tail risk testing can be performed on any decision or predictive model. When applied to
the DHW water consumption prediction model, a threshold is defined, and events above
or below this threshold are considered extreme tail events. Here, the highest and lowest
10% water consumption were selected. Then, the accuracy of the model’s prediction of
tail performance was evaluated by assessing the performance of the predicted and actual
values at this extreme event threshold. A smaller p-value indicates that the predictive
model performs more accurately in tail events. After the calculation, the p-value of the
ANN-LSTM-A model was less than 0.01. If the p-value of the ANN-LSTM-A model was
less than 0.01, it indicated that certain parameters or effects of the model had a highly
significant impact on the output results at a statistical significance level of 0.01.

4.4. Learning Rate

To select the optimal learning rate, a series of tests were conducted, and different
learning rates were compared using the same training parameters. As shown in Figure 11,
four different learning rates were set for testing, and different loss function results were
obtained. The four different learning rates were Lr = 0.1, 0.05, 0.01, and 0.001. First, Lr = 0.1
was used for training. The model exhibited rapid convergence, with the loss function
value gradually decreasing throughout the training process. However, after reaching
a certain point in training, the value of the loss function started to fluctuate, which may
have been due to the large learning rate causing the model to jump too far in the parameter
space and being unable to find the global optimal solution. In contrast, when Lr = 0.1, the
loss function value in the training process decreased slowly, which could better balance
the convergence speed and model performance. Then, Lr = 0.01 was used for training.
In contrast to the results with larger learning rates, the loss function value of the model
decreased more slowly during the training process, which indicated that Lr = 0.01 could
converge more stably and achieve relatively good results in terms of the model performance.
Finally, when using Lr = 0.001 for training, the loss function value in the model training
process decreased very slowly, but the model’s performance on the test set did not show
significant improvement. This shows that Lr = 0.001 was too small, which made the model
unable to fully learn and adjust the parameters, and this shows that the convergence speed
was too slow. Based on the above experimental results, Lr = 0.01 was the better choice.
With Lr = 0.01, the training process could converge more stably, and the model achieved
relatively good performance results.

0.0144 1r=0.1
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1r=0.01
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0.010 -
]
£ 0.008 1
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Figure 11. Loss function results at different learning rates.
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5. Results and Discussion

Of the four different deep learning models, i.e., ANN, LSTM, ANN-LSTM, and ANN-
LSTM-A, the ANN-LSTM-A model had the first-rate prediction effect. By using the ANN-
LSTM-A model for predictions, the water consumption for the month from 1 November to
30 November 2022 was successfully predicted. As shown in Figure 12, from the observed
results, it is evident that the model accurately captured the trend and fluctuations in water
consumption. In the figure, the specific time series prediction values are compared with
the actual values at the same period. The evaluation of the ANN-LSTM-A model reveals
a strong fit to the actual data and consistent accuracy in most prediction instances. The
results demonstrate that the model effectively predicts DHW consumption with a high
level of accuracy.
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Figure 12. Actual and predicted monthly water consumption of the ANN-LSTM-A model.

The ANN-LSTM-A model combines the ANN algorithm and LSTM algorithm, and
introduces an AM to better acquire the long-term dependencies of time series data. In the
experiment, the model showed a higher accuracy in predicting DHW water consumption
than using ANN, LSTM, and ANN-LSTM models alone. The performance of a model
largely depends on the quality of data and preprocessing methods. Therefore, in practical
applications, it is necessary to ensure that there is sufficient high-quality historical water use
data to train the model, and to improve model performance through specific preprocessing
steps such as feature normalization, denoising, and handling missing values. Furthermore,
it is reasonable to use longer time series to analyze long-term trends and periodicity.

Although the ANN-LSTM-A model demonstrates promising results, there are several
challenges that need to be addressed before it can be effectively applied in practice. One of
the challenges is the influence of various factors on DHW water consumption, including
seasonal resident habits, economic activities, and unforeseen events. The complexity intro-
duced by these external factors requires further exploration in future studies to enhance the
robustness and applicability of the model. Additionally, future research should incorporate
more variables related to DHW water consumption, such as meteorological conditions, to
develop a comprehensive forecasting framework. This approach would enable the model
to provide accurate predictions in diverse environmental conditions, thus increasing its
practical utility.

In conclusion, this study underscores the substantial potential of the ANN-LSTM-A
model for improving the accuracy of DHW water consumption predictions and offers
a new avenue for research aimed at enhancing energy efficiency. However, it is crucial to
address these challenges and refine the model to realize its promise in optimizing energy
management systems and achieving long-term energy savings and emission reductions.
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6. Conclusions

In this study, an ANN-LSTM-A model was proposed, which included an input layer,
an AM layer, a hidden layer, and an output layer. Based on the combination of the ANN
and LSTM algorithms, an AM was introduced to address the issue of traditional ANN
models struggling to capture long-term dependencies, such as lags and trends in time
series, and to increase the exactitude of DHW consumption predictions. The main findings
of this study were as follows.

(1) Upon comparing the prediction results of the ANN, LSTM, ANN-LSTM, and ANN-
LSTM-A models, it was observed that the ANN-LSTM-A model yielded a significantly
improved performance. The RMSE and MAE values achieved by the ANN-LSTM-A
model were found to be 15.4% and 17.9% lower than those obtained by the ANN
model, 13.2% and 11.5% lower than the LSTM model, and 13.2% and 8% lower than
the ANN-LSTM model, respectively. These results indicate that the ANN-LSTM-A
model showcased superior predictive capabilities and demonstrated a higher degree
of accuracy in forecasting water consumption. The utilization of the ANN-LSTM-
A model can hence be deemed advantageous in enhancing the accuracy of water
consumption prediction.

(2) By comparing the ANN-LSTM and ANN-LSTM-A models, it was found that the
ANN-LSTM-A model with an AM could better capture the key information in the
time series data and automatically learn the weights and importance of different time
points to adapt to various changes and trends in different time series. This effectively
improved the accuracy of the model in the prediction of DHW consumption, and thus,
this model is a reliable prediction tool.

(3) When predicting the DHW consumption of student apartments, various conditions
will inevitably have a certain influence on the prediction accuracy. For instance,
changes in weather have a significant impact on water consumption. Hence, to
enhance the predictive accuracy of the model, it is essential to incorporate mete-
orological conditions, seasons, and other related factors. Further analysis and ex-
ploration of these factors in future studies will help improve the accuracy of water
consumption prediction.

The findings indicate that the ANN-LSTM-A model is capable of delivering more pre-
cise and dependable predictions of DHW consumption. This carries significant implications
for optimizing the design and operation of heating systems, enhancing energy efficiency, re-
ducing energy consumption and carbon emissions, and advancing the objectives of energy
conservation and emission reduction. In summary, the proposed ANN-LSTM-A model
holds substantial potential for refining the accuracy of DHW consumption predictions.
When compared to traditional deep learning models, particularly the LSTM model, the
ANN-LSTM-A model demonstrates a marked improvement in accuracy. The predictive
capacity of the ANN-LSTM-A model stands to facilitate the optimized design and opera-
tion of heating systems, offering a scientific foundation for the rational planning of water
utilization and resource allocation, and elevating the efficiency and management standards
of water supply systems.
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