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Abstract

Power demand profile prediction for a region or nation is a critical part of the energy system design
and operational planning process. A simplified method based on non-dimensionalizing power demand
data from previous years using Z scores calculated from the mean and standard deviation of the
profiles is developed in this study to forecast monthly demand profiles at time resolution of 1 hour for
future years. The Z score range is found to be limited to # 2 for all the input data set and this is
assumed to hold true for the profile to be forecasted. Monthly averaged data from India for years
2021-2023 are used to forecast the monthly profiles for every month of 2024. The maximum relative
percentage error in the forecasted hourly demand value on comparison with actual demand data is
seen to lie between +8.06% and -12.06% by the methodology proposed in this study. The mean
absolute percentage error in forecasting is found to range between 0.97% to 10.25%, depending on
the month under consideration. The method of this work may thus be described as providing
reasonable accuracy with minimal data collection, processing, and modeling efforts compared to
detailed methods available in literature. This may be expected to find application in the design and
planning of operations of future energy systems, which must provide a supply profile in keeping with
these forecasted demand profiles and the associated deviations estimated in this work. It may also be
helpful in the management of power exchanges which facilitate energy trading and the development of
electricity markets.

Keywords: Demand profile; electricity; forecasting; Z scores

INTRODUCTION

Energy use is intrinsically related to the development status of a nation. Energy use governs
development indicators like national earnings, life expectancy, educational levels and so on.
Therefore, energy planning is a critical activity for any nation, given its deep linkages with the
country’s progress as a whole. There are two main aspects to it — prediction of future energy demand
and planning of the energy mix that will cost effectively and reliably meet that demand without
causing harmful environmental impacts and
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indirect electrification also, for example by the use of synthetic energy vectors like hydrogen, whose
production depends on water electrolysis using clean electricity. Thus, projecting future electrical
energy needs is a critical part of energy planning. For operational planning, the electrical energy
demand projections must then be translated into hourly power demand figures. This is crucial because
the various supply side options must then be examined that meets power demand at each instant of
time to always ensure demand-supply matching, reliably and economically. The need for auxiliary
services like energy storage and demand side management is also growing as the supply mix
integrates greater share of variable and intermittent renewable generation sources.

LITERATURE REVIEW

Long term energy or electricity demand has been forecasted using methods that link energy use to
various indicators of economic development, climatic factors, socio-political factors and so on.
Econometric techniques such as regression analysis and time series projections have been used for
this purpose, supported also by end use demand projections in different sectors. Power demand
profiles on hourly or more granular basis have often been predicted using time series analysis
techniques, which work reasonably well for short time frames. Detailed datasets and extensive
computational work along with numerous assumptions about making these projections are
characteristics of all these studies. For example, for India in 2026-27, peak power demand is expected
to be about 277.2 GW and total electrical energy demand is likely to reach 1907.8 TWh, while in
2031-32, the figures have been projected to be 366.4 GW and 2473.8 TWh respectively [1]. In an
older version of this study done in 2019, it was projected that India would need 1886.9, 2378.7 and
2976.3 TWh electricity in 2026-27, 2031-32 and 2036-37 respectively. The peak power demand was
projected to be 256, 320 and 398 GW respectively [2]. In another study, it has been projected through
a number of scenario-based assessments that aggregate grid electricity demand in India is expected to
be between 2040-2857 TWh by 2030 [3]. Another study projects aggregate demand in India of 2060-
2699 TWh by 2030, using both econometric and sectoral demand-based methods [4].

Considering specifically the problem of forecasting of time series of power demand for India,
Behera et al [5] forecast loads for one week at hourly resolution using a method of extrapolation and
correlation, with errors ranging from 0.8% to 7.8%. Also, it is seen that currently artificial
intelligence-based algorithms feature prominently in most such studies, given improved data
availability and computing resources [6]. For example, Bareth et al [7] report the development of a
Long Short-Term Memory (LSTM) based technique for load forecasting at 15-minute intervals in the
Indian state of Odisha. It uses past power consumption data as well as meteorological data to predict
the load profiles for the next week and next year, using one year of past load data, with mean absolute
percent error (MAPE) of 0.2134%. A robust linear regression model has been reported for load
forecasting of the state of Gujarat at 15-minute intervals, which is seen to forecast with MAPE of
0.176% [8]. Roy et al [9] have developed Artificial Neural Network and Vector Auto-regressive
methods for demand profile forecasting for the state of Assam and they find that the MAPE ranges
from 7.01% to 7.94% when forecasting the demand profile for 3 days ahead.

MOTIVATION FOR THE STUDY

A rapid and simple method using only the basic statistical features of the power demand data from
previous years is proposed in this work for near term future demand curve forecasting for a country or
region. This method is motivated by the possibility of being able to make forecasts using limited
amounts of data and lower number of assumptions in the model, many of which only add to the
uncertainty in the estimates obtained by the estimates described in the previous sections. Most studies
reported in literature have looked at forecasts for a single state of India and not the country as a
whole. Also, the use of Z-score as a feature of data for load forecasting and related predictive work is
not found in current literature, so this is an important and significant element of novelty in this work.
The proposed method is applied to the case of whole of India, a nation experiencing rapid electricity
demand growth and which is one of the fastest growing economies of the world at present. The
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methodology and results from this study are expected to be useful for operational planning of the
electricity system as a whole in a country in rapidly evolving circumstances, especially as the power
exchanges and real time energy trading based on prices determined by demand-supply balancing
become the norm for electricity transmission and distribution.

DATA SET DESCRIPTION

The hourly electricity demand data of India for each month of 2021, 2022 and 2023 are first
obtained from IEA real time electricity tracker tool. For each month, 3 time series profiles are
obtained from this source — the hourly averaged power demand for weekdays, Saturdays, and Sundays
of that month respectively. These are averaged to represent each month’s load characteristics by a
single profile, with the corresponding hourly power demand values being used for further analysis
reported here. Thus, each month is represented by 24 values of average hourly power demand. In all,
the data set has 24 X 12 X 3 = 864 data points, which is the raw data set used in this work for
subsequent analysis. The data thus collected is shown in the form of heatmaps in Figs. 1a, 2a and 3a
for 2021, 2022 and 2023 respectively.

PROPOSED METHODOLOGY OF POWER DEMAND CURVE FORECASTING

The proposed methodology is driven by statistical data analysis methods and has two main steps.
The first step is the estimation of cumulative electrical energy needs for a given time frame in future,
based on targeted development levels of the country, decarbonization targets and technologies chosen
for it, nature of economy and evolution of the sectors in the economy, population growth and so on.
An example of this kind of work has been shown in a previous work of the author [10]. This present
study focuses on the second step — translating the annual electrical energy demand estimated in the
first step into forecasts of hourly power demand profiles for the future time. The step-wise
methodology adopted for this forecasting exercise for the specific case of India in 2024 are described
in detail in the next paragraphs.

Description of Methodology

The data of power demand curves for each month of 2021, 2022, 2023 for India are used as the
basic inputs. A single base year is not used in this study so as to capture any possible seasonal
anomalies in demand and smoothen them over the time frame under consideration. The data are
analyzed to get the mean, standard deviation, and coefficient of variation (i.e., standard deviation
divided by mean, expressed as a percentage) for each month.

Integrating the power demand versus time data numerically gives the total electrical energy demand
of that month. This is done for each month of the year and the percentage of total annual electricity
consumption occurring in each individual month of the year is estimated. The year-on-year growth
rate of total electricity demand is also estimated from the increase in annual electricity consumption
figures in successive years.

The power demand versus time profile for each month is converted to an equivalent profile of Z
scores [11] as per Egn. 1, using that specific’s month’s mean and standard deviation as the
normalizing factors. The Z score is a feature engineering method that allows the data set (i.e., the
vector of power demand values at hourly resolution) to be expressed in non-dimensional terms, while
also ensuring the values lie within the same range of maximum and minimum values. Thus, the hourly
Z score profiles are obtained for each month of each of the three years, which represent the demand
data in dimensionless, and normalized form.

Z(t) = @ 1)

The cumulative electricity demand for 2024 is projected from the average percentage demand
growth observed in the years 2021-2023. The cumulative demand is then apportioned among the
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various months of 2024 based on the average fractions observed in the last three years. The mean
monthly power demand is calculated by dividing energy demand by number of hours in that month.
The variance for that month is calculated by using the average coefficient of variation observed in the
last three years and the calculated mean monthly power demand.

Using the averaged Z scores calculated in Step (ii) and the forecasted mean and standard deviation
of power demand for each month of 2024 estimated in Step (iii), Egn. 1 is used again to obtain the
hourly average power demand values, at hourly intervals. The averaged Z scores may thus be
considered as the training data set for the calculation model proposed in this study.

Main Assumptions
The two principal assumptions made to implement this methodology are:
1. The Z score of future demand profile is well represented by the average of the Z scores of the
previous years’ demand profiles. These data are calculated as per Step iii above.
2. The coefficient of variation of the future demand profile is presented by the average of the
coefficients of variation of the previous years’ demand profiles. These data is calculated as per
Step i above.

Thus, a similarity of the geometrical and distributional characteristics of the demand profiles are
assumed in making future projections based on past years’ data. The monthly average power demand
profiles for 2024 thus predicted by this methodology are then compared with the actual observed
monthly average demand curves for 2024 to estimate the deviations and errors in prediction by the
methodology proposed in this work.

RESULTS AND ANALYSIS
Key Results

The results derived from descriptive statistical analysis of power demand data of India in Figures.
1a, 2a and 3a respectively for the years 2021-2023 are shown in Table 1 and in Figures 1b, 2b and 3b
respectively. It is seen that total annual electrical energy demand in India grew by 8.07% between
2021 and 2022 and by 7.51% between 2022 and 2024. Therefore, it was assumed that on average, the
total demand for year 2024 would be approximately 7.79% (i.e., arithmetic mean of the last two
growth rates) greater than the electricity demand in 2023. Thus, total annual electricity demand in
2024 is projected to be 1721 TWh(e). The Z scores lie between +2 for all the months in each of the
three years, and therefore, this trend is also assumed to continue for the year 2024 for the purpose of
forecasting.
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Time Feb Mar Apr May Jun Jul

0.00 13758 15685 16687 151.88 16261 17017
1.00 13501 15447  163.75 14824 15887 16646
2,00 13226 15131 16013 14432 15544 162,59
3.00 15134 14053 15803 14160 15123 150.57
4,00 131,53 14889 15671 139,73 14894  157.40
5.00 13568 15162 157.33 139,32 14866  157.45
6.00 14413 15654 15875 13897 14811 157.11
7.00 157.94 16547 16163 14047 15000 15094
8.00 16B.48  160.37  163.00 14287 15220 16270
9,00 17631 17342 167.64 14757 15892 169,09
10.00 17106 15112 16350 17451
11.00 32 17094 15245 16456 17540
12.00 17708 17761 17121 15360 16565 17573
13.00 17295 17477  169.24 15325 16490 17412
14.00 167.02 170.67 167.63 15227 16262 17143

1500 15864 16460 17091 16899 15204 16401 17154
16.00 15739 16287 169.65 167.65 14933 16126  168.37
17.00 15754 16267 16717 16392 14445 15706 16478
18.00  160.37 16248 16374 16003 139.88 15261 16176
19.00 16227 16712 17185 16749 14579 15654  168.03
2000 15571 16034  169.03  169.91 15178 16405 17496
2100 14743 15274 16331 16764 15241 16427 17452 17749 158.00 13882 14554
2200 13907 14548 16046 16880 15418 16523 17374 17584 15286 12104 13591
@00 1328 1748 9.73.
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Figure 1. (a) Heatmap of hourly average power demand in India for 2021. (b) Z scores of hourly
power demand in India for 2021.
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Table 1. Mean (u) and standard deviation (o) of monthly power demand profiles of India in years
2021-2023.

Year 2021 | Jan Feb Mar | Apr May |Jun Jul Aug Sep Oct Nov Dec
u (GW(e)) | 149.47 | 156.08 | 164.72 | 165.38 | 147.61 | 158.68 | 167.68 | 172.84 | 158.32 | 154.19 | 139.60 | 147.51
o (GW(e)) | 18.42 |16.48 [9.36 |481 |554 (631 |6.46 |7.09 |[7.14 |750 |13.20 |18.47
Year 2022 | Jan Feb Mar | Apr May |Jun Jul Aug Sep Oct Nov Dec
u (GW(e)) | 150.79 | 161.76 | 174.39 | 183.07 | 181.68 | 185.38 | 171.78 | 174.50 | 176.36 | 154.05 | 157.25 | 163.29
o (GW(e)) | 20.05 |18.69 [10.70 |6.42 |6.78 |[6.70 |6.39 |6.12 |[7.00 |9.56 |1559 |21.21
Year 2023 | Jan Feb Mar | Apr May |Jun Jul Aug Sep Oct Nov Dec
p (GW(e)) | 164.11 | 176.35 | 173.15 | 183.25 | 184.38 | 194.72 | 187.70 | 205.14 | 196.37 | 188.10 | 167.57 | 166.02
o (GW(e)) | 2051 |17.35 |11.62 |6.67 |850 (830 |761 |951 (818 |12.04 |16.21 |20.78
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Time Mar Apr May Jun Jul Aug Sep Dec
0.00 16321 18120 18292 18609 17092 17234 17182 136.40
1.00 16138 17851 17398 18228 16681 16873  167.27 13298
2.00 15896 17555 17661 17855 16370 16539  164.99 13079
3.00 15768 17394 17377 17589 16125 16312 16307 130,14
4,00 157.18 17395 17328 17524 16021 162.80 163.24 133.54
5.00 16041 176.06 17443 17488 160.83 16534 16599 144.64
6.00 168.48  177.37 17319 17663  164.68 16996 17227 159.83
7.00 178.60 177.76 17146 17868 16845 17283 17545 174.12
8.00 18072 17472 17404 17983 17108 17423 17646 15871 16958 18134
9.00 18150 188.10 17520 17826 18093 16118  169.04 = 187.95
10.00 187.06 17748 18054 18333 16359 177.10 19062
11,00 18837 178.05 179.98 18364 16325  176.56
12.00 186.58 17686 17968 18290 16126 174.51
13.00 181.54 173.89 17623  179.66 15665 168.99
14,00 174.63 17480 177.66 18039 158.00 16845  178.97
15.00 173.64 17490 177,50 17988  157.44 16691  177.57
16.00 17148 17158 17483 17832 15646 16515 17456
17.00 169.30 16865 17148 17573 15823 16686 17434
18.00 169.54 169.07 17266 18073  168.29 17242 17828
19.00 175.09 17660 18277 18690 168.04 167.06 17239
20.00 166.55 180.82 18269 183.40 160.60 15669  161.07
21,00 157.28 17991 18130 18106 15544 14925 15276
22,00 149.07 178.88 18045 17943 151.09 14508 146.76
23,00 145.32 17526 177.23 17587 14660 14107 14121
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Figure 2. (@) Heatmap of hourly average power demand in India for 2022. (b) Z scores of hourly
power demand in India for 2022.

Figure 4 shows how the energy consumption is apportioned among the different months for each of
the years 2021-2023. Figure 5 shows how ratio of mean to standard deviation of power demand (i.e.,
the coefficient of variation) varies through the months of the year.

The projected apportionment of electrical energy consumption per month for year 2024 as well as
the averaged coefficients of variation are shown in Table 2, as averaged figures for each month from
the data in Figures 4 and 5 respectively. Table 3 shows the estimated total energy demand per month
in 2024, based on the apportionment, along with the mean load (based on dividing total demand by
total number of hours in the month) and standard deviation of load for 2024 (using the average
coefficient of variation for each month from last 3 years’ data and the calculated mean demand).
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Time Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
000 | | 15804 16239 18190  186.52 18921 20169 19415 0 142,08
18426 19866  190.55
180.02 19496  186.41
17644 19193 18343
17403  189.69  181.40
17429 190.36 18245
17696 19253 18579
18128 19696 191,00
182,52 1“44 192,35

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00

15545 15076 17858  181.94
15260 157.06 17514 177.23
15143 15525 17207  173.31
151.74 15537 171.02  170.7
156,74 15055 17341  171.08
166.56 16656  176.54  172.38
17846 17510 17921 17291
186.44 17858 18018  174.43

199,68
195.30
190.68
186,55
183.21
182.33
182.05
182.51
184,39
100.41
198.40
11.00 19387 20263 191.94 19305 192290 20194 19562
202,99
203.62
206,51
203.29
195,66
186.66
190.34
198.50
199,30

9.00 10433 18328 18527  180.97 187.39 198.13
1000 19523 20136 18974 19175  188.09 193.32 20424 188.65  194.05
206,60
1200 19135 20012 19058 19290  193.99 195.97 207 187.04 19115
13.00 19570 18615 18096  193.26 193.84 205.44 18150  185.57
14.00 191.37 18254 18827  193.39 192.80 204.06 178,65 180,00
15.00 19181 18311 190,84 19654 194,45 20628 17922  179.38
16.00 188,49 18114 18864 19343 191.22 20214 17589  176.60
17.00 18235 17648 18331  186.46 18593 20847  196.30 17690  177.35
18.00 17810 17210  177.78  179.80 18230 20255  194.40 18278 18219
19.00 18272 177.85 18610 18530 190.15 20568 20288 179.76  179.62
20,00 17486 17348 18819  190.82 19670  207.86 20136 169.12  168.33
21.00 167.50 167.50 18466  189.03 , 19618 20670 199,53  183.60 161,53  150.83
22.00 16225 16494 18412  190.04 201.33 19542 20620 198.46  180.64 13604 15073
23.00 16120 16508 18516 191.62 20373 19455 20576 19770 18070 153.46 14744
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Figure 3. (@) Heatmap of hourly average power demand in India for 2023. (b) Z scores of hourly
power demand in India for 2023.

Table 2. Averaged monthly shares of electricity consumption and coefficient of variance of India
using data from 2021-2023.

Month of the Average share of annual electric energy Average coefficient of variation of power
year demand experienced in the month (%0) demand profile in the month (%)
January 1.77 12.50
February 7.46 10.28
March 8.57 5.84
April 8.60 3.29
May 8.56 4.09
June 8.69 4.00
July 8.81 3.94
August 9.22 3.93
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September 8.57 4.01
October 8.28 5.54
November 7.50 9.42
December 7.97 12.38

Using averaged Z scores from Figures 1, 2 and 3 and values from Table 3, the forecasted hourly
power demand values for 2024 are shown in Figure 6a, while the corresponding actual power demand
data are shown in Figure 6b for each month. The forecasted peak demand is seen to be 223.5 GW in
June as against the observed peak of 228.5 GW in August.

Error Analysis

The percent relative error (calculated from Eqn. 2) between each hourly projection from 2024 and
actual observed figure from 2024 (i.e., difference calculated from Figures 6a and 6b) is used as the
metric to gauge the effectiveness of the proposed forecasting methodology and the calculated results
are shown in Figure 7.

1OOX(Pactual(t)_Pforecast(t))
2
Pactual(t) ( )

It is seen that the maximum relative error in the forecasted hourly demand value lies between
+8.06% and -12.06% by this method, occurring in the months of May and August respectively.
Excluding these months, the maximum average error is seen to be +4.65% and -8.79%. These upper
and lower bounds on the forecast errors may be considered acceptable for the purpose of energy
system design and operational planning. The error is seen to be entirely positive at all points for
months like May and June, which indicates underprediction by the methodology of this study,
whereas for months like August, September, November and December, the errors are seen to be
negative at all times, thereby hinting at overprediction of the hourly demand.

% relative error(t) =

The mean absolute percentage error for each month is also evaluated for the actual and forecasted
profiles of that month, using Egqn. 3 and the results are shown in Figure 8.

2 100x|(Pactuar (=P rorecast (t)
Mean absolute % error (MAPE) = i (=33 ( am;al (t’;O ccast(®)
actual

) @)

The value of MAPE is seen to lie between 0.97% for May 2024 and 10.25% for August 2024, with
the annual average being 3.77%. Thus, the simplified forecasting method presented in this work can
be considered a reasonably accurate way of rapidly predicting future demand profiles based on
statistical characteristics of past demand profiles.
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Figure 4. Share of total annual electric energy consumed per month in India in years 2021, 2022 and

2023.

Table 3. Forecasted data for demand curves of India in 2024 using data from 2021-2023.
Month of Forecasted total electricity Forecasted mean power Forecasted standard deviation
the year consumption in the month demand in the month of power demand in the month

(TWh(e)) (GW(e) (GW(e)
January 133.63 179.61 22.45
February 128.35 184.42 18.95
March 147.56 198.34 11.58
April 148.03 205.60 6.76
May 147.35 198.05 8.09
June 149.63 207.82 8.31
July 151.63 203.80 8.02
August 158.67 213.27 8.37
September 147.44 204.77 8.20
October 142.44 191.46 10.61
November 129.04 179.23 16.88
December 137.12 184.31 22.81
OYear 2021 MO Year 2022 B Year 2023
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>

§ _ 10.00
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Figure 5. Coefficient of variation of power demand profiles of each month in India in years 2021,
2022 and 2023.
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Figure 6. (a) Forecasted hourly electric power demand profiles of India in 2024 using the method of
Z scores. (b) Actual observed hourly electric power demand profiles of India in 2024.
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Figure 7. Calculated relative errors in forecasting instantaneous values of hourly demand profiles of
India in 2024 using Z scores.
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Figure 8. Calculated mean absolute percentage errors in forecasting hourly demand profiles of India
in 2024 using Z scores.

SUMMARY AND CONCLUSIONS

The work presents the development of a novel methodology for forecasting the hourly power
demand of an entire country, based only on the elementary statistical characteristics of the power
demand profiles observed at similar intervals for that country in previous years. The method in this
work is simple and based on a form of pattern matching using the basic statistical features of the
previous data sets, such as the mean, standard deviation and non-dimensional Z scores of the hourly
data in a given profile. It is easily deployable in a spreadsheet-based calculation system. No special
coding environment is needed and it does not require detailed evaluation of the characteristics of the
time series data (e.g., whether it is an autoregressive process or a moving average one based on nature
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of autocorrelation functions, use of lagged variables and differenced series, etc.) or time series
regression methodologies. Neither does it need to capture individual features of the demand curves
like drift, seasonality and cyclic behaviour.

The methodology is applied to India for forecasting the demand data for 2024 using data from
2021-2023. On comparison with actual data from 2024, the method is seen to perform the forecasting
with reasonable accuracy, showing maximum forecasting error levels of -8% and +12% at specific
hours of the day. All other values lie within this range. It may thus be concluded by stating that the
method proposed in this work is useful for rapid assessment of demand profiles over the short-term
using demand data from a few previous years, with an acceptable accuracy. As part of the way
forward for this study, the method reported may be utilized to analyze demand curves from other
nations, make projections for them over the short run and compare the accuracy obtained with them as
well.

In discussing the limitations of the method, it may be said that the longer-range projections using
near term data may have greater uncertainty due to various factors affecting long term energy demand
and power consumption profiles (e.g., changing nature of economy, energy use technological changes
like efficiency improvement and increasing electrification and decarbonization of various end use
sectors which today make use of fossil fuels, climatic factors, especially temperature which create
string seasonal and diurnal impacts on energy consumption and power demand) and this may lead to
higher deviations between the actual and predicted values. Also, over the shorter term as well, the
method will be unable to project any anomalously high or low power demand projection, since it
assumes that the range of past Z scores of the power demand themselves will be experienced or
replicated in future demand curves. These anomalies can arise due to rapid evolution of abnormal
weather conditions, major economic shocks (e.g., like the disruptions due to COVID 19 pandemic)
and geopolitical events of widespread significance, none of which can be foreseen by energy planners.
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