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Abstract: Accurate forecasting of power plant loads is critical for maintaining a stable power supply,
minimizing grid fluctuations, and enhancing power market trading mechanisms. However, the
data on power plant generation load (hereinafter abbreviated as load) are non-stationary. The focus
of existing load forecasting methods has been on continuously improving the ability to capture
the dependent coupling between outputs and inputs, while research on external factors, which
are the causes of non-stationary load data, has been neglected. The identification of the causal
relationship between external variables and load is a significant factor in accurately predicting load.
In the present study, the causal effects of various external variables on load were identified and then
quantitatively calculated using various methods. Based on the improved Informer model, a long-time
series forecasting model, a hybrid forecasting method was proposed called causal inference-improved
Informer (hereinafter abbreviated as Causal-Informer). In the present study, the mutual information
method was used to remove insignificant external variables. Subsequently, external factors such as
GDBP, holidays, ambient temperature, wind speed, power plant maintenance status, and rainfall were
selected as input features of the proposed forecasting model. Finally, the proposed Causal-Informer
method was evaluated using the historical load of a power plant in East China. Compared with four
popular forecasting models, measurements on Root Mean Squared Error (RMSE), Mean Absolute
Error (MAE) and Mean Absolute Percentage Error (MAPE) for the proposed method were reduced
by 89.8 million kwh-672.3 million kwh, 56.8 million kwh—-637.9 million kwh, and 5.1-25.4%. The
proposed method achieved the most accurate and stable results. The MAPE reached 10.4% and 24.8%
in 30 time steps ahead and 90 time steps ahead of forecasts, respectively.

Keywords: multi-step load forecasting; causal inference; Informer

1. Introduction
1.1. Background of the Present Study

With the development of the economy and the improvement of people’s quality of
life, a stable and reliable power supply becomes increasingly important to society. The full
implementation of power market reform has led to the establishment of a power market
trading system and intensified efforts to strengthen power market trading. Using Jiangsu
Province in China as an example, according to an official document [1], Jiangsu Province
has issued trading rules [2] for electricity, which allow power plants to participate in the
electricity market and independently negotiate power tariffs with other market players.
Therefore, it is essential for power plants to study generation load forecasts in order to
develop more accurate trading strategies. For example, based on generation load forecasts,
power plants can adjust their bidding strategies and develop operational strategies such as
the purchase of raw materials and staffing in advance, which can reduce the production
costs of power generation companies and increase their profits.

Based on the length of the forecast, power load forecasts can be classified into the
following categories: long-term series forecasts, medium- and long-term series forecasts,
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medium-term forecasts, and short-term forecasts [3]. Power plants frequently engage in
market trading and set purchase targets for a minimum duration of one month. Thus, in
the present study, load for at least one month was predicted, which belongs to medium-
and long-term load forecasting. The objective of the present study is to propose an accurate
medium- and long-term load forecasting method to assist power plants in making informed
decisions regarding the development of strategies.

Load forecasting involves integrating historical data with other relevant factors to
predict load values for a specific period in the future. Load forecasting is a challenging
task that is influenced by external factors such as holidays, seasons, and weather, making it
non-linear and non-stationary in its typical characteristics. There are four main categories
of factors which can have an impact on load: economic factors, time factors, natural factors,
and uncertainties [4].

The rapid growth of the market and the government’s macroeconomic regulation di-
rectly impact load. In economically developed regions, the presence of a significant number
of industrial units and employees leads to higher electricity consumption compared to
economically underdeveloped regions, thereby affecting load. Additionally, the industrial
structure also impacts electricity consumption, and for regions with a high proportion of
manufacturing industries, their electricity consumption is also greater. The time factor
refers to the longer time scales in which load trends usually show cyclical and regular
changes, such as holidays and seasonal variations. Obviously, load prediction is affected
by natural factors such as ambient temperature, wind speed, and humidity. Moreover, its
relevance is more obvious in certain extreme natural environments, such as cold winters
and hot summers, which have a more significant impact on load variations. Uncertainties
are unpredictable future events that affect the normal operation of the power system.

The performance of proposed method was evaluated in comparison with popular
medium- and long-term load forecasting methods. The innovations and key contributions
of the present study are as follows:

1.  Causal inference was introduced into the time series prediction scenario to enhance
the interpretability and robustness of the model. To the best of my knowledge, this is
the first time that causal learning has been introduced in the field of medium- and
long-term load forecasting to improve forecasting.

2. The Informer algorithm was improved to make it more suitable for predicting non-
stationary data in real scenarios.

3. Anovel prediction model, Causal-Informer, was proposed and compared with other
popular forecasting approaches.

The remaining sections are in the following order: The preliminary work is introduced
in the second section. Then, the proposed method is introduced in detail in the third section.
The overall procedure and experiment analysis are described in the fourth section. The
method was discussed with those in the popular art. Additionally, extensive experiments
were conducted to show the effectiveness and efficiency of the present method.

1.2. Existing Research Gap

Early power load forecasting tasks relied on the expertise and mathematical skills of
practitioners [5], which had advantages in terms of model interpretability. However, in the
current era of big data, such methods perform poorly in dealing with large and complex
volumes of data. Data-driven forecasting techniques are gaining prominence due to the
rising advancement of machine learning methods, including Seasonal Auto-Regressive
Integrated Moving Average (SARIMA) [6], Support Vector Machine (SVM) [7], and iterative
ResBlocks [8].

The aforementioned methods are currently mainly applied to short-term forecasting,
relying on the ability of machine learning algorithms to fit input-output variables, which
often yields good results. Despite such results, when the described methods are directly
applied to medium- and long-term power plant generation load (hereinafter abbreviated
as load) forecasting, the results may not be satisfactory. To solve the problem of medium-
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and long-term load forecasting, some scholars have proposed advanced methods. In one
study [9], the load data were decoupled and a novel method was used to convert the
tabular data into image data to finally achieve medium- and long-term load forecasting
for distribution transformers. Variables such as outdoor temperature, humidity, and wind
speed were used as inputs to achieve multi-time step forecasting of heating load based
on Informer [10]. An improved Long Short-Term Memory (LSTM) model has also been
proposed [11] and the effectiveness of the method was verified on a residential load
dataset. Additionally, several researchers have expressed the belief that using a hybrid
forecasting method based on the optimal combination of multiple forecasting models can
help improve forecasting accuracy. A hybrid model based on Prophet and LSTM has also
been proposed [12]. Through experiments, the hybrid approach was demonstrated to be
able to improve the forecasting accuracy of power load.

The current literature on medium- and long-term load forecasting is sparse, primarily
due to the following difficulties:

(1) Non-stationary data are typically more challenging to predict than stationary data.
Load is a nonlinear variable, and external factors have a considerable impact on it [13].
Moreover, since load is affected by various external factors, such as ambient temperature,
holidays, plant maintenance status, GDP, and other factors, it can be considered non-
stationary data, that is, data of which the statistical properties and distribution patterns are
constantly changing over time [14].

(2) Medium- and long-term forecasting is more difficult compared to short-term
forecasting, and errors in forecasting tend to increase as the time step for forecasting
grows longer.

(3) The correlation between various variables and load lacks qualitative analysis. The
degree of influence of various variables on load is difficult to calculate quantitatively.

The aforementioned problems constrain the performance of medium- and long-term
load forecasting methods. The focus of existing timing prediction methods has been on
continuously improving the model’s ability to couple the correlation between output
and input, while research on the causes of the coupling relationship has been neglected.
In the present study, Informer was used, a novel algorithm in the field of long time-
series forecasting that has shown good results on open source datasets but lacks practical
applications in generation load-forecasting scenarios. Several improvements were made
to Informer to adapt it to non-stationary data in real-world scenarios. In addition, the
mutual information method was adopted to remove load-independent external variables.
Further, the effect of different external variables on load was quantitatively investigated
using causal inference as the primary method. The causal inference model was combined
with the improved Informer model to obtain a hybrid model (Causal-Informer) with high
interpretability and robustness.

2. Preliminaries

Since load is highly dependent on external factors such as climate and economy, the
influence of external factors should be considered for accurate forecasting. However, the
multiple covariance and deeper causal relationships between external factors are ignored in
traditional methods. In the present study, the causal relationship between external factors
and load was explored using causal inference techniques, which not only increased the
performance of the model, but also enhanced its interpretability and robustness. Causal
inference has already found numerous applications in fields such as medicine, sociology,
and computer science [15-19], but owing to a shortage of data, causal inference, which is
an emerging research area, is not yet widely used in energy forecasting. Nevertheless, it
holds great potential in this field.

Despite often being used interchangeably, causality and correlation have different
meanings. Correlation is a general relationship that refers to the degree of mutual influence
between different variables, and this relationship is not concerned with the directionality
of the influence relationship between different variables. Causality is typically divided
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into two components: cause and effect. The presence of a cause results in the occurrence
of an effect, and the existence of an effect is, to some degree, attributable to the cause [20].
Correlational inference and causal inference differ significantly in their research focus. The
latter focuses on the response of the outcome variable when the causal variable is changed
and quantifies the magnitude of the response [21]. There are two common frameworks
for causal analysis that are based on observed data: the potential outcome model and
the structural causal model. Among the two, the design of potential outcome models is
inspired by the concept of randomized controlled trials and potential outcomes in statistics.
Unlike the potential outcome model algorithm, which focuses on estimating the effect of a
single variable, the structural causal model aims to identify causal relationships among
multiple variables. It proposes a causal function model by examining the features of the
data distribution between variables resulting from causal mechanisms. The regression
model is used to learn the causal functions given the data of the variables. In the present
study, a structural causal model based on directed acyclic graphs (DAGs) [22] is used to
construct the causal effect assessment model. Therefore, based on the PC algorithm [23]
and industry experience with external variables and load, a causal diagram was first
constructed, as illustrated in Figure 1. The diagram includes load and the external variables
that affect load. The start of the arrow represents the ‘cause” and the pointing end of the
arrow represents the ‘outcome’.

Rainfall

Temperature

Wind Speed

Figure 1. Cause diagram of external factors.

The graphical model allows for the visualization of causality and can be used to obtain
joint distributions from statistical analysis of observed data. However, the exact causal
relationships cannot be obtained from the graphical model alone. Several methods, that is,
the intervention, need to be used to change the distribution of the existing data and thus
confirm causality. Pearl [22] creatively proposed do-calculus to express the intervention.
The variables to be examined are denoted as X and Y. The other covariates are combined
into a vector Z = (Z1,Z,,Z3, ... ). For simplicity, X is assumed to be a binary variable
and can only take the value of 1 or 0. A set of data can be denoted as D = (X0, y® 7@y,
P(Y =yl X =x)and P(Y =yl do(X = x)) have different meanings, with the former representing
the probability distribution of Y = y conditional on X = x in the original data and the latter
representing the probability distribution of Y = y when X = x is reached by intervention.
Due to the presence of confounding variables, which are the variables that affect both X
assignment and Y, P(Y = y | X = x) # P(Y = y | do(X = x)) is usually true [22]. To examine
the causal effect of each X on Y, it is essential to eliminate the influence of all confounding
variables on the causal model. The effect of confounding variables can be eliminated by
means of backdoor adjustment [21] and frontdoor adjustment [21]. For a pair of ordering
variables (X,Y), backdoor adjustment can be performed using the set Z of confounding
variables if the set Z satisfies certain conditions. These conditions are as follows: there
are no descendants of X in the set Z, and all backdoor paths, that is, all paths between
X and Y starting with the arrow of Z pointing to X, are blocked by the confounding
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variables Z. With the backdoor adjustment, the causal effect can be calculated using the
following formula:

P(Y|do(X)) = Y, [P(Y|X, Z = 2)P(Z = 2) M

If all of the factors on the blocking path are not observable, then the backdoor path
cannot be computed. In this case, frontdoor adjustment can be used to confirm causality.
Two conditions must be satisfied for frontdoor adjustment: first, all paths from X to Y have
element z; second, all paths from element z to Y are single paths. In this case, P(Y | do(X))
can be computed using the set Z of z to complete the computation. By making the set Z of
confusing variables on the front door path conditional, Equation (2) can be used to convert
a formula with do-calculus into one without do-calculus.

P(Y|do(X)) =Y. [p(z —2|X)Y_, P(Y|X,Z = 2)P(X = x)} ?)

By intervening in the causality graph using the frontdoor adjustment and the backdoor
adjustment, causal relationships can be derived from observed data and distributions alone
without do-calculus. After determining the causal relationships between each node on
the constructed structural causal diagram, historical data is used to assess specific causal
effects and thus calculate the impact of each external variable on load.

3. Methods

As described in Section 1, load is influenced by various variables, rendering it non-
linear and non-stationary in its typical characteristics. The causal effects of different
variables on load had to be considered, so as to allow for accurate prediction of future
load. Causality is a type of correlation relationship. In the present study, the correlation
relationships between external variables and load were first screened by the removal of
low-information factors, as described in Section 3.1. Informer-based time series forecast-
ing was implemented for medium- and long-term load forecasting. In addition, several
improvements were made to the Informer model to enhance its performance and adapt
it better to non-stationary data forecasting scenarios, which is presented in Section 3.2.
The causal inference method, described in detail in Section 3.3, was used to determine the
causal effects of different variables on load. Given the important role of external factors, the
time series forecasting module was combined with the causal inference module in order to
obtain accurate forecasting results. The method is explained in Section 3.4. The complete
flow of the proposed method is shown in Figure 2.

3.1. Removing Unimportant Factors by Mutual Information

Mutual Information (MI) is a widely used method to measure the correlation between
two variables. A higher value of MI represents a higher correlation between two variables.
MI can effectively measure the correlation between variables with nonlinear relationships,
which has been extensively adopted for feature selection.

Using ux,y to refer to the joint probability density function of two random variables,
the marginal density functions of these two random variables can be represented respec-
tively as:

px(x) = / ux,y (%, y)dy; py (y) = l/'ux,y(x,y)dx @)

Then, H(y) is the information entropy of variable y, which describes the uncertainty
of y. The entropy of y is proportional to its uncertainty. The uncertainty of Y can be
obtained as:

H(Y) = ﬁ/‘ wy (v)logpy (v)dy (4)
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Figure 2. Framework of the proposed Causal-Informer model.

The measure of uncertainty of variable Y obtained after observing another variable X
is called its conditional entropy, denoted as H(Y|X). Specifically, H(Y|X) can be defined
as follows:

H(Y|X) = = [ px(x) [ (v X = x)logny (y]X = x)dydx 6
Then, the MI between X and Y is calculated as:
M(X,Y) = H(Y) — H(Y|X) ©)

The correlation of various external variables with load was examined using the MI
method. The results are presented in the form of a horizontal bar graph in Figure 3.
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Figure 3. Chart of MI values.

The degree of correlation between external variables and load is proportional to the
value of the MI, which was used in the present study to obtain the correlation ranking.
After confirming with energy professionals, the correlation ranking of the external variables
in Figure 3 was found to be generally consistent with empirical judgments. On the basis
of the correlation ranking and empirical judgment, the proportion was excluded from
the input to the model. As shown in Figure 3, temperature and servicing were the most
relevant to load. Servicing is a binary variable, wherein 1 indicates that there are units
in the plant under maintenance, while 0 indicates that all units in the plant are operating
normally. Temperature is a continuous variable, and the causal effect of temperature on
load was investigated subsequently. The remaining external variables were transformed
into binary variables by setting certain conditions in order to calculate their causal effects.
The specific transformation conditions are presented in Section 4.2.1.

3.2. Improved Informer Model for Non-Stationary Data

As one of the most popular artificial intelligence models, Transformer [24] has been
widely used in numerous fields. However, the model is not directly applicable to the field
of time series prediction due to high memory consumption, high time complexity, and the
structural constraints of encoder-decoder. In order to overcome the described problems, the
Informer model employs an attention mechanism that reduces the time complexity (denoted
as ‘O’) and memory consumption to O(Ly/nLy). The dominant attention is highlighted in
self-attention extraction by halving the cascading layer inputs, thereby efficiently handling
the ultra-long input sequences.

The attention mechanism used in the Informer model is referred to as ProbSparse
self-attention. Following the formulation in a previous study [25], the original i-th query’s
attention (denoted as ‘A’) is defined as a kernel smoother in a probability form:

q/
AWV =5 5t lql,k, = Erte 7] 7
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where p(kilq;) = % and k(q;, k;) are used to select the asymmetric exponential

kT
kernel %. Using Kullback-Leibler (denoted as ‘KL’) divergence to measure the ‘likeness’

of attention probability p(k; |4;) and uniform distribution q(k; 9,) :Ll—K, the following can
be obtained:

KL(qllp) = anLk ex 9k — lZLk qiij —1InL (8)
q1p) = 1=1 P \ﬂ Lk =1 \/E k

Dropping the constant in (8), the i-th query’s sparsity measurement (denoted as “M’)
is defined as:

T kT
L q:k 11, 9
M(q; k) =In) 5, exp( \l/d’l ) N kajil \l/di ©)

The distribution of the attention probability of the dominant query will be different
from the uniform distribution. The number of the dominant query is u = cxInL;. By allowing
each key to pay attention only to the top u queries, the ProbSparse Self-attention is defined
as follows:

T
A(Q,K, V) = Softmax QK \y (10)

Vd

Finally, the computational complexity of attention is reduced in each layer to O(Lg/nLg)
by sampling the Li/nL; dot product pairs. Details of the specific derivation of the formula
are provided in prior research [26].

The structure of Informer is shown in Figure 4:

pred_length

ﬁecoder \

Add&Norm

6ncoder \

Add&Convld

Add&Convld

Multi-head
attention

Masked
Multi-Head
Prob-Sparse

Self-attenti
/ K e afn ion

Positional
Encoding

Multi-Head
Prob-Sparse
Self-attention

\_

Positional
Encoding

A

Input Input '
Embedding Embedding deche
\ J
| —
Sqe length. label_length

Figure 4. The Structure of Informer.
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As shown in Figure 4, after input embedding and position encoding, the data were
sent to the encoder for valid information extraction and later to the decoder to complete
the prediction. Considering the difficulty of dynamic decoding output for fast prediction,
Informer uses one forward procedure to calculate the prediction results. For this purpose, a
certain length of sequence from the input is needed as ‘Start token’ [27].

The original Informer model arrives at long time series prediction but does not consider
the effect of non-stationary data in real scenarios. In fact, load is affected by various factors
and shows significant variations. For instance, thermal power plants need to be shut down
first when the electricity demand decreases. The original Informer model chooses the Mean
Squared Error (MSE) loss function, which is not suitable for load forecasting of power plants
that have large deviations in data distribution under extreme operating conditions, such
as shutdown conditions. The MSE loss function is typically tailored to fit the distribution
pattern of data and tends to penalize outliers, resulting in a biased prediction towards them.
To address such issue, the SmoothL1Loss function [28] was employed in the present study
instead of the original MSE loss function. The SmoothL1Loss function is less sensitive to
outliers, leading to a more balanced predictive outcome. When the predicted value is close
to the actual value, the SmoothL1Loss is similar to the MSE loss function to speed up the
model convergence. The formula of SmoothL1Loss is as follows:

1 2
loss(x. ) — o 2(Xi —vi)%iflxi —yil <O 1
oss(x;i, Y;) { P —%,otherwise (11)

where ¢ is an artificially set hyperparameter. In addition, given the unsteady nature of
load, better results may be obtained by regarding data fluctuation as a feature in model
construction. In the present study, the residuals of load were constructed as a feature with
the following formula:

Yiesiduals = Yt — Yi-1 (12)

The effects of Informer with improvements on non-stationary data (Informer_nos) and
original Informer were tested and analyzed as described in Section 4.

3.3. Causal Effect Estimation Model of External Factors

Based on the screening results of the mutual information method obtained in Section 3.1,
the causal effect of ambient temperature on load was the focus of the present study. Other
external variables were treated as binary variables for rough causal effect calculation. First,
the causal effect of external variables other than ambient temperature was calculated using
propensity score matching (hereafter referred to as PSM) [29]. All external variables except
ambient temperature were converted to binary variables using carefully designed rules.
Therefore, the treatment of the variables was also binary, and the treatment could only take
the value of 0 or 1. Then, Y was used to refer to the outcome of the causal effect, that is,
load. Additionally, feature X consists of each external factor, where X; is sample i’s feature
vector. The causal effect of treatment ¢ on Y was the focus of the present study, specifically
the average treatment effect (hereinafter abbreviated as ATE).

Vare = E[Virel = E[Y1] — E[Yo] (13)

The Virr mentioned in the above equation refers to the individual treatment effect
(ITE), which is defined as Vi = Y1 — Y.

For PSM, each sample is first divided into two groups according to the true value
of treatment ¢, which is a binary variable. PSM assumes that t is a random variable
drawn from a particular distribution, that is, t; ~ P(¢; | x;). In each group, the probability
of receiving a certain f is calculated for each instance based on given x. This probability
is called the propensity score. Finally, the samples with the closest propensity scores
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in different groups are matched. Taking sample i as an example, sample j s.t argmin
dist(i,j) = | P(t1X;) — P(t1X;)| is found. The ATE that is obtained from PSM is as follows:

T= %{Zi:t,——l —yj) + th— —Yi } (14)

As one of the external variables with the most significant impact on load, the contin-
uous treatment effect of temperature is computed with an interval of 1 °C. The Double
Machine Learning (hereafter referred to as DML) [30] approach is applied to achieve un-
biased estimation of the effect of temperature on load. The random forest algorithm [31]
is applied to fit the load Y and the temperature T separately. The residuals are obtained
by removing the corresponding random forest algorithm fit results from the load Y and
temperature T, respectively.

Y=Y-Y(X) (15)

T=T-7T(X) (16)

where Y and T are the fitted residuals. After obtaining the residuals Y and %, the causal ef-
fect can be obtained by modelmg a regression equation. The specific equation is

Y 9(X)T The residuals Y and T are the quantltles of variation and are related by 6(X).

6(X) describes the association between Y and T which is the causal effect ATE. Because
6(X) is an equation related to x, it can be solved by the method of least squares.

3.4. Load Forecasting Model for Power Plants

As shown in Figure 2, the external factors were first screened by the MI method to
obtain the factors related to load, which was fully described in Section 3.1. Subsequently,
the load series with the specified forecast length was obtained using the improved Informer
presented in Section 3.2. Then, the causal inference model introduced in Section 3.3 was
used: first, a causal diagram was constructed; second, causality was identified by the
back door criterion and the front door criterion; and then, causal effects were calculated
via different methods. The causal effects were calculated to determine the contribution
or inhibition of different external variables to load and thus adjust the prediction results.
Historical data were used for the causal effect estimation in the present study. The final
predicted load L, is:

1919 + Y2, ATE;
1919

where 1 represents the specific prediction time length; A, represents the prediction result of
the improved Informer model; I represents the external factor. ATE; is the causal effect of
external variable i in the forecast period, and 1919 is the historical single-day average value
of load. Notably, in a real scenario, the external variables used to calculate the causal effects
are predicted by the Informer model, including temperature, rainfall, wind speed, and GDP.
Other external variables, such as workday and servicing, can be obtained by inference.
To reduce prediction error, external variables other than temperature were designated as
binary variables for the rough causal effect calculation.

= A, * (17)

4. Overall Flow and Discussion of the Experiment

In the present study, the daily load data were used in combination with the economic
and environmental data of Jiangsu Province to construct the dataset. The load data were
obtained from a thermal power plant in Jiangsu Province, China, for the period from 1 July
2019 to 28 September 2022, with a time granularity of days, as shown in Figure 5. A total
of 1096 data points were used to train, test, and validate the model from 1 July 2019 to
30 June 2022. The training, validation, and test set ratio was 7:2:1. Model performance was
evaluated using data from 1 July to 28 September 2022 for prediction. The external variable



Appl. Sci. 2023,13, 7696 11 0f 19

data for the corresponding period were obtained from the official website of the National
Bureau of Statistics of China [32] and the public meteorological information website [33].

3500

3000

2500

2000

1500

Generation load{million kwh)

200 400 500 BO0 1000 1200
Days(d)

=

Figure 5. The actual generation load curve.

For the external variable data, the following factors were considered: GDP of Jiangsu
Province, work days in China, thermal power share in Jiangsu Province (hereafter referred
to as proportion), ambient temperature, rainfall records, wind speed, and the maintenance
status of the power plant from which the load data were derived.

4.1. Experiment Preparation

In the present study, Causal-Informer was used for power load forecasting. Data were
collected from a power plant located in Jiangsu Province, China. The dataset contained a
total of 1186 time steps with a minimum time interval of days. The input features and labels
of the model are shown in Table 1. Except for the load residuals and date, the remaining
input features were also used for the causal effects calculation.

Table 1. Inputs and output of the model.

x1 Date (Use in Informer only)
x2 Workday
x3 Servicing
Input x4 GDP
x5 Rainfall
X6 Wind Speed
x7 Temperature
x8 Load residuals (Use in Informer only)
Output x9 (Target) Load

4.2. Overall Flow of the Experiment

The overall flow of the experiment is shown in Figure 6.

e  Data collection: The data included daily load data from a power plant and data on
external factors. The datasets provided a range from 1 July 2019 to 28 September 2022.

e  Data preprocessing: The load and external factor data were obtained from various
sources, and their time stamps had to be aligned when integrated. For data such as
temperature, wind speed, and rainfall, the minimum time interval for processing was
on a daily basis, and the specific value recorded was the maximum value per day.

e  Feature engineering: The external factors were filtered by means of the mutual in-
formation method to obtain six variables, namely ambient temperature, workday,
servicing, GDP, wind speed, and rainfall.

e Data splitting: In the present study, the training, validation, and test set ratio was 7:2:1.
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e  Model training: The present experiments involved comparing Causal-Informer with

Informer, LSTM, Prophet, and ARIMA to determine the optimal model.

e  Model evaluation: MAPE, MAE, and RMSE were adopted as the evaluation metrics.
MAPE is a percentile of error that removes the effect of data scaling. MAE is the factual
error between prediction and actual data, which is dependent only on the volume of

the data. RMSE ensures that each item is positive and distinguishable.

Data collection

External data

Historical load data

Data preprocessing

!

/ Raw data set /

Timestamp alignment

h 4

Feature engineering

Data splitting

\ 4

Training set

Validation set

Testing set

Model training

Model evaluation

Result analysis

Figure 6. Overall flow of the experiment.

Causal-Informer MAE Prediction curve
visualization
Informer RMSE
LSTM
MAPE
Arima
Prophet
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100% N Pu — Py
MAPE = ==) |T”| (18)
1 N N
MAE = ), [P — By (19)
1 N N2
RMSE = \/ N 21 (P = Pi) (20)

P, is the actual load value and P, is the corresponding result of the model prediction. N
in the above equation denotes the number of time steps predicted by the model at a time
(hereinafter abbreviated as pred_length).

e  Results analysis: Visualization of forecast results. Model performance can be more
visually observable for analysis.

4.2.1. Experiment 1: Causal Effect Estimation

External factors other than temperature were considered binary variables in the present
study, following the analysis in Section 3.3. The specific setting ranges for the binary
variables are shown in Table 2. The causal effect of temperature was calculated by treating
temperature as a continuous variable with 1 °C intervals. Depending on the temperature
in the region where the power plant was located, the causal effect of the temperature from
minus 1 °C to 39 °C on the load was analyzed.

Table 2. Binary variables design rules.

External Factors Conditions for Binary Variables Set to 1
Workday National working days
Servicing Planned unit shutdown maintenance
Rainfall Rainfall > 10 mm
GDP Single-day GDP (converted from quarterly GDP) > RMB 30,954 million
Wind Speed Wind speed > 6 m/s

After data preprocessing, the causal effects of various external variables on load
were calculated using the DML and PSM algorithms. The specific calculation results are
presented in Figures 7 and 8, respectively. An observation can be made that the causal
effect on load increased rapidly when the temperature increased above 30 °C. When the
temperature increased above 36 °C, the plant was close to the upper limit of generation
capacity, resulting in a decrease in causal effect. Other binary variables in addition to
temperature had a significant impact on causal effect. The power plant in the present
study had two generating units, and the units were shut down for servicing by rotating
them during periods of low power consumption to extend their service life. The plant’s
single-day generation load was reduced by an average of 987 million kwh when a unit was
under servicing. In addition, there was a significant causal effect by workdays and GDP on
electricity generation. The causal effect of rainfall was the weakest in relative terms.

4.2.2. Experiment 2: Model Performance Comparisons

In Experiment 2, Causal-Informer was analyzed in comparison to four other popular
time series forecasting models under equivalent conditions. As shown in Table 3, Table 4
and Figure 9, by forecasting 30 time steps and 90 time steps, the performance of all models
was summarized.
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Figure 8. Causal effects of various external factors on load.
Table 3. Evaluation metrics for all models in the same input data (Pred_length = 30 d).
Arima Prophet LSTM Informer Causal-Informer
MAE 593.36 million kwh  888.29 million kwh  630.8 million kwh  525.24 million kwh  250.31 million kwh
RMSE 649.01 million kwh ~ 1004.2 million kwh  727.19 million kwh  624.57 million kwh  331.96 million kwh
MAPE 22.4% 35.8% 24.5% 19.7% 10.4%
Table 4. Evaluation metrics for all models in the same input data (Pred_length = 90 d).
Arima Prophet LSTM Informer Causal-Informer
MAE 641.54 million kwh ~ 717.71 million kwh  487.34 million kwh  507.09 million kwh  430.59 million kwh
RMSE 709.99 million kwh  822.83 million kwh  638.51 million kwh  625.75 million kwh  535.94 million kwh
MAPE 31.4% 35.8% 29.9% 31.2% 24.8%
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Figure 9. Results of Forecasting. (a) Pred_length = 30 d. (b) Pred_length =90 d.
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Model performance is indicated by the model error values. When pred_length =30 d in
advance, Causal-Informer obtained the smallest values among all error evaluation metrics,
and the Informer model obtained the second smallest values. When pred_length =90 d
in advance, Causal-Informer obtained the smallest values among all the error assessment
metrics. Among the second smallest values of the three error evaluation metrics, LSTM
had two and Informer had one.

As can be seen from Figure 9, the performance of the different models varied con-
siderably. Such findings could be attributed first to the difficulty of predicting load as
non-stationary data and second to the difference in the predictive ability of different models.
The forecast data were the plant’s actual load from 1 July 2022 over the next 30 or 90 days,
respectively. In early August 2022, power generation spiked due to a significant increase in
electricity demand caused by continuous high temperatures. By the end of August, load
decreased rapidly as temperatures dropped and power was dispatched. Beginning on
18 September 2022, one of the power plant’s generating units underwent maintenance,
resulting in a reduction in the plant’s generating capacity. The data for the aforemen-
tioned time period were significantly different from historical data. Therefore, there were
prediction difficulties. A method with robustness had to be proposed.

LSTM, a widely used time series prediction algorithm, performed well on the dataset.
The prediction curves follow the trend of the actual data, but there are slight discrepancies
between the predicted values and the actual values. The Arima model performed poorly
on this dataset. Despite debugging with various tuning methods, the model could not
obtain satisfactory results. Prophet performed better when forecasting 90 days compared to
forecasting 30 days. Specifically, Prophet was not able to capture the data trend during the
first 25 days, but showed better performance in fitting the data trend after that period. In-
former’s prediction results at 30 time steps are more consistent with the real data. However,
it performed poorly at 90 time steps and was weak at predicting trends. Causal-Informer
successfully predicted the trend of the actual data without the effect of time lag. The
predictions are close to the real data at multiple time points. A more prominent advantage
is the accurate prediction of multiple turning points, which could be a good reference for
power plant generation planning. The disadvantage is that there will still be a gap between
the predicted value and the actual value at some prediction points. In general, most models
are better at predicting 30 time steps than 90 time steps.

4.2.3. Experiment 3: Evaluation of Causal-Informer Performance

In the present study, experiments with ablation were also performed to verify the
robustness of the proposed method. The proposed innovation points were found to be
effective and could improve model performance, as shown by the results of the
ablation experiments.

The results of the ablation experiments are shown in Table 5, Figures 10 and 11. Better
results were obtained for all innovations. Specifically, when Informer and Informer + ATE
were compared, both accurately captured the trend of the data in the 30 time steps ahead
forecast; Informer + ATE produced results closer to the real data than Informer. In the
90 time steps ahead forecast, Informer + ATE captured the trend of the data well and solved
the problem of long-term forecasting. When Informer and Informer_nos were compared,
Informer_nos produced prediction results closer to the true value than Informer in the
prediction at 30 time steps ahead, proving that attempts such as replacing the loss function
can produce positive results; for the prediction at 90 time steps ahead, both had the problem
of not capturing the trend of the data. The combination (that is, Causal-Informer) of Causal
Effect Calculation (ATE) and Informer_nos produced optimal results. The combination
produced optimal results because it correctly handled the problem of difficult-to-predict
nonstationary data and the problem of difficult-to-predict trends in long time series, thus
making the proposed method robust.
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Table 5. Ablation study.

Pred_Length 30d 90d

Evaluation MAE RMSE MAPE MAE RMSE MAPE
Metrics

Informer 525.24 million kwh  624.57 million kwh 19.7% 507.09 million kwh  625.75 million kwh 31.2%
Informer + ATE 430.59 million kwh  518.03 million kwh 16.4% 395.81 million kwh  560.81 million kwh 25.3%
Informer_nos 315.47 million kwh  380.29 million kwh 12.5% 512.03 million kwh  593.71 million kwh 28.1%
Causal-Informer 250.31 million kwh  331.96 million kwh 10.4% 430.59 million kwh  535.94 million kwh 24.8%

Informer + ATE combines the causal effect of external factors. See Section 3.4 for details of the calculation,
replacing A, with the original informer’s prediction. Informer_nos represents an improved Informer model for
non-stationary data prediction, as described in Section 3.2.

a 3000 Ablation experiments:ATE(Pred_length=30d) b o Ablation experiments:Informer_nos(Pred_length=30d)
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Figure 10. Ablation experiments (Pred_length = 30 d). (a) Ablation Experiments about ATE.
(b) Ablation Experiments about Informer_nos.
a 3500 Ablation experiments:ATE(Pred_length=90d) b 5 Ablation experiments:Informer_nos(Pred_length=90d)
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Figure 11. Ablation experiments (Pred_length = 90 d). (a) Ablation Experiments about ATE.
(b) Ablation Experiments about Informer_nos.

5. Conclusions

In the present study, the causal effect calculation and the time series forecasting
model were combined to establish a multi-factor-influenced load forecasting model for
power plants. In the present study, external variables that correlate with load were iden-
tified, and the causal effect of different variables on load were quantified. A robust and
interpretable method for medium- and long-term load forecasting was proposed. The
performance of five time series models was compared using three different error evaluation
metrics, and the advancement of the proposed Causal-Informer model was demonstrated.
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Ablation experiments were also performed to verify the improvement in model perfor-
mance from all the innovations. The proposed method achieved the most accurate and
stable results. The MAE, RMSE, and MAPE indicators of the proposed method reached
250.31 million kwh, 331.96 million kwh, and 10.4%, respectively, in 30 time step forecasting.
In 90 time step forecasting, the MAE, RMSE, and MAPE indexes reached 430.59 million kwh,
535.94 million kwh, and 24.8%, respectively. Based on the experimental results, the follow-
ing conclusions could be drawn:

1. Causal-Informer performs well in multi-step forecasting and has strong
performance potential.

2. The incorporation of causal inference within the time series prediction scenario is
beneficial in improving the model’s interpretability and robustness.

3. The improvements to the proposed Informer model have some positive effects on
predicting non-stationary data.
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