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Abstract With the spread of the power transmission net-
works to thousands of kilometres, the integrated power grid
in many countries cover multiple hours in terms of solar
position. We present a general mathematical model with
multiple time-keeping systems for flattening the electrical
load curve in a territory having integrated power grid
operations. The multiple time-keeping system areas are set
up as a function of both electrical power demand and mean
geographical position in longitude. Fluctuation in load
results in cycling operation of coal/gas power plants and
enhanced carbon emission. In this paper, an attempt is
made to quantify the savings in cycling of electrical power
plant operation and the associated carbon emission with
adjustment of time-keeping systems. For the territory of
India, the reduction in cycling operation of power plants by
9% of peak demand is demonstrated.
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Additional transmission loss in MW per day for
transfer of cycling power among time zones
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day

Savings in heating value by reduction in cycling
operation for coal units (GJ/day)

Savings in carbon emission by reduction in
cycling operation for coal units (MtCO,/year)
Savings in heating value by reduction in cycling
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year)

Additional capital and maintenance cost for coal
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NGCC units with high ramp rate to meet peak
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Savings in coal per annum (Mt)

Fuel cost of cycling operation per annum for coal
units (million US$)

Capital and maintenance cost of cycling
operations per annum of coal units (million US$)
Savings in natural gas per annum (MMBTU)
Fuel cost of cycling operation per annum for
NGCC units (million USS$)
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K2 Capital and maintenance cost of cycling 1. With identical hours of operation, the electrical load
operations per annum of NGCC units (million pattern shall be similar in different load areas.

US$) 2. Cycling operation of thermal power plants are imple-
X1 Savings in cost by reduction in cycling operation mented using load following operation only.

for coal units (million US$/year) 3. Estimation of cycling penalty is based on 40%
X2 Savings in cost by reduction in cycling operation minimum loading of coal plants and 60% minimum

for NGCC units (million US$/year)

The history of time-keeping started with Clock Tower in
towns and cities [1]. The major change in modern history
of time occurred with the need of Railway Companies of
USA which found it difficult to operate with so many local
times [2]. Presently, times are kept across the world based
on the need of both governance and commerce [3].

Several countries across the globe, e.g. USA, UK,
European Union, etc., which have substantial distance from
the equator in terms of latitude, make daylight energy
savings by adjusting their time-keeping systems with the
availability of daylight [4]. For some countries near the
equator, e.g. India, South Africa, Brazil, Australia etc., the
territorial distances in terms of longitude justify multiple
time-keeping systems. A few studies have been carried out
in Australia, India and South Africa to quantify the savings
in electrical power with multiple time-keeping systems
[5-10]. If the sun takes more than an hour to move across a
territory from east to west, the territory may be divided into
more than one time zone. With different time-keeping
systems across the territory, the electrical power demand
will follow different patterns based on shifted working
hours. If the territory division can be optimally done, the
maximum electrical power demand in the territory can be
reduced and minimum electrical power demand can be
increased. This will help in flattening the electrical load
curve across the territory. It will result in reduction in
cycling operations of electrical power plants and associated
carbon emission.

The current work makes use of electric power demand
data of India for the year 2015 to demonstrate modest
reductions in peak demand and cycling operations using
time adjustments. In cycling operations, the efficiency of a
steam power plant is lower with higher heat rate and the
plant produces higher marginal carbon emission [11, 12].
The available research data are used to compute the savings
in heating value and carbon emission in India for the year
2015. Based on data on estimated growth of electrical
power demand in India up to the year 2050, the cumulative
savings in carbon emission and cost are presented in this
work.

There are three important assumptions for the current
work.
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loading of NGCC plants with normal ramp. Penalty
figures are unpredictable for lower minimum loading.

As most of the referred work quantifies heating value in
BTU, the savings in heating value have been worked out in
BTU. Subsequently, this has been converted to joules and
Gigajoules (1 BTU = 1055 J).

Time-Keeping and Rise of Electrical Power
Demand in Peak Hour

Let us consider any geographic territory with an integrated
power grid. The territory may be divided arbitrarily into
two sub-areas along east—west. Let P1 and P2 be the rise in
electrical power demands of sub-areal and sub-area2 dur-
ing the peak hour. Due to similar pattern of load demand,
the peaks occur at the same time, say, 7 = Tpeax;

In the peak hour 7 = T, the maximum rise of elec-
trical power demand of the territory with one uniform time-
keeping system is given by Eq. (1).

PMAXPEAK — p1 4 P, (1)

If the time-keeping systems in sub-areal and sub-area2
are set 1 h apart, then it is expected that the peak hours of
the two sub-areas shall be 1h apart (1 = Tlyea,
12 = T2pcqk, 12 — t1 =1h). The peak rise of electrical
power demand of the territory is represented by Eq. (2).

P' =Pl or P2, whicheverishigher. (2)

The minimum value of rise of electrical power demand
at peak hour shall be obtained with the equality criteria
[13] given in Eq. (3).

PMINPEAK — p| = p2. (3)

Hence, to achieve the minimum rise of electrical power
demand (PM™PEAKY "4 territory may be divided into sub-
areas with equal rise in electrical power demand during the
peak hour (P1 = P2).

Model of Time-Keeping Systems for Minimum
Peak Demand

As the longitudinal distance of the extreme points of a
geographic territory is constant, the number of solar hours
between these two points shall also be a constant (). Sub-
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areas between these two points from east to west may be
assigned separate time-keeping systems with 1-h time
difference between adjacent sub-areas.

Maximum number of sub-areas in the territory
= Number of Time-keeping systems with one hour time interval
=N+1.

Let ‘A’ represent a territory with ‘m’ physically
demarcated unit-areas and ‘@, represent the ‘i’th unit-
area between east and west. The relationship between the
territory and unit-areas is given in Eq. (4).

A=aUayUas...Ua,_Ua,,. (4)

Let E; be the longitude of eastern edge of ‘i’th unit-area
in degrees. Let W; be the longitude of Western edge of ‘i’th
unit-area in degrees. The mean geographical position in
longitude of ‘/’th unit-area in degrees is given by Eq. (5).

M; = (E; + W;)/2. (5)

Let us index the unit-areas such that, M; > M, > -
M, 1 >M,,.

Number of hours between time-keeping systems for the
territory is given by Eq. (6).

N = (El - Wm)/15~ (6)

where in terms of solar position, distance in longitude for
1 his = 15° (360°/24 h).

Let P; be the rise in electrical power demand in MW
(Megawatts) during peak hour for ‘j’th unit-area. To
achieve minimum peak electrical demand as per Eq. (3),
the rise in electrical power demand during peak hour of
each sub-area is given by Eq. (7).

PMINPEAK — ZPJ/(N+ 1)7
for all ¥j” unit-areas within the territory.

(7)

It may not be physically possible to divide a territory
according to our choice. However, a territory such as a
country is divided into states. The states are further
subdivided into districts or counties. A cluster of such
unit-areas may form a sub-area of one uniform time-
keeping system. The equal rise in power demand among
sub-areas during peak hour may be achieved with the
constraint equations given in (8), (9) and (10).

Sub-area 1 is represented as A, (P;, Mj, N)

= a1UayUas. . .Ua,,

where (Py + P, +---+ P;) = XP;/(N + 1), for all i’
such that M <M; for allk > j.

Sub-area 2 is represented as A»(Pjyx, Mjy, N)
=aj1Uaj2Uajgs. .. Uajyy,
where (Pjy1 + Pjjo + -+ + Pjpy) = ZP;/(N + 1),

for all i’ such that My <M;,, for allk > (j+x). (9)

Sub-area (N + 1)is represented as Ay, (Py, My, N)
= am—n1Uap—n2U - Uap,
where (Py_ni1 +Ppnio+ -+ Py) = ZP;/(N+1),
for all ‘i’ such that My > M,, .1
for allk<(m —n+1).
(10)

In Egs. (8), (9) and (10), each sub-area with a separate
time-keeping system is represented by a mathematical
function of electrical power demand and mean geographi-
cal position in longitude. As time adjustments are related to
governance, it is necessary that each sub-area consists of
distinct unit-areas of governance.

Framework of Time-Keeping Systems for Indian
Power Grid

Time-Keeping Systems with Equal Rise in Peak
Demand

Across India, there is an interconnected power grid con-
necting all states and union territories except Lakshadweep
and Andaman and Nicobar Islands. The daily peak demand
for the entire nation in 2017 and 2018 was 160 GW and
175 GW with a base demand of 141 GW and 149 GW,
respectively. The configuration of three time-keeping sys-
tems for Indian states based on the hourly demand data of
different dates spread over the year 2015 [13, 14] and
longitude positions is presented in Fig. 1.

The estimated reduction in daily peak demand and
cycling operation for Indian power grid has been worked
out for the year 2015 with the three time-keeping systems.

The variation in actual demand data with single uniform
time-keeping system and projected demand data with three
time-keeping systems is presented in Table 1 and Fig. 2.

The rate of reduction in terms of peak demand for the
year 2015 is calculated based on the data set in the daily
operation reports of January to December 2015 [14] and
calculations based on Egs. (11)—(14).

Differential Peak Demand (MW), DD = PD1-BD1.
(11)
LCR = [DD * 100/PD1].
(12)

Load Cycling Rate (%),
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. o l'lr‘imc Zone 1(GMT16:30) Rate of Reduction of Peak Demand (%) PRR
0 ¢ Time Zone 2(GMT+5:30)
i TN ‘ 74°E Elr:::: Ao:: 3(GMT+4:30) = [PR * 100/ PDI]- (13)
s L d20E Rate of Reduction in Cycling Operation (%) CRR
oM / 86°E = [CR * 100/PD1]. (14)
=05 94° The reduction in peak demand and rate of reduction in
2PN ' cycling operation for the year 2015 is estimated as 6% and
24N 9%, respectively, and demonstrated in Table 1.
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Fig. 1 Geographical configuration of proposed three time-keeping
systems with equal power demand in Indian power grid

Power Grid

The peak hour and off-peak hour power demand values of
each state in the Indian power grid for a 24-h period are
obtained from the daily operation reports [14]. For many
states, power demand data for all the hours are available.
For some states, the power demand data for intermediate
hours are not available. In such cases, linear extrapolation
has been used to estimate the hourly power demand data at
the intermediate hours [13]. All hourly data and linear
extrapolations used in this paper are available in [15].

Estimation of Rate of Reduction in Cycling
Operation

The variation in CRR against variation in peak demand and
load cycling is presented in Fig. 3.

Table 1 Cycling operation reduction in Indian power grid—computed data set January to December 2015

Date 12/1/ 1272/ 12/3/ 10/4/ 12/5/ 12/6/ 10/7/ 12/8/
2015 2015 2015 2015 2015 2015 2015 2015
Peak demand with one time-keeping zone (MW), PD1 138,994 138,363 135,191 138,667 144,189 143,122 144,148 143,345
Base demand with one time-keeping zone (MW), BD1 99,988 106,243 107,343 115,929 121,868 122,685 120,869 123,462
Projected peak demand with three time-keeping zones (MW), 132,116 127,489 124,932 127,725 135,752 137,288 135,419 134,424
PD3
Projected base demand with three time-keeping zones (MW), 104,391 109,234 115,251 117,812 125,549 129,102 124,278 126,763
BD3
Peak reduction (MW), PR = PD1 — PD3 6878 10,874 10,259 10,942 8437 5834 8729 8921
Reduction in cycling operation (MW), 11,281 13,865 18,207 12,825 12,118 12,251 12,138 12,222
CR = PD1 — BD1 — (PD3 — BD3)
CRR (%) 8.12 10.02 13.47 9.25 8.40 8.56 8.42 8.53
Date 12/9/2015 12/10/2015 12/11/2015 11/12/2015
Peak demand with one time-keeping zone (MW), PD1 152,512 148,892 130,847 140,058
Base demand with one time-keeping zone (MW), BD1 131,652 125,310 99.496 106,136
Projected peak demand with three time-keeping zones (MW), PD3 142,603 138,110 118,102 133,212
Projected base demand with three time-keeping zones (MW), BD3 135,473 130,546 102,895 108,056
Peak reduction (MW), PR = PD1 — PD3 9909 10,782 12,745 6846
Reduction in cycling operation (MW), CR = PD1 — BD1 — (PD3 — BD3) 13,730 16,018 16,144 8766
CRR (%) 9.00 10.76 12.34 6.26
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Fig. 2 Variation in power
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It is observed from the demand data of developed
countries that with development and growth, the differen-
tial between peak demand and base demand increases to
40% [16]. It is estimated that India will enter the league of
developed countries around the year 2030 [17]. Penetration
of renewable energy power plants shall induce additional
cycling operations with deep load following [18].

For estimation of savings in carbon emission and
expenditure for India up to the year 2050, the rate of
reduction with three time-keeping systems has been
restricted at 6% in peak demand and 9% in cycling
operation.

Savings in Cycling Operations

Efficiencies of Steam Power Plants with Cycling
Operations

The costs and damages in cycling operations to serve peak
demand have been quantified in the reports of National
Energy Technology Laboratory, USA [19], National
Renewable Energy Laboratory, USA [20] and the TME
working paper of University of Leuven, Belgium [21]. The
research on estimation of cycling costs based on 20 years
of operational data has been summarized for all kinds of
cycling operations, i.e. cold start, warm start and load
following operations [22]. An analysis of the historical

T T T T T T T T 1

4 5 6 7 8 9 10 11 12
January to December, 2015

cycling data shows that 99% of the cycling operations are
load following operations and the rest are mostly warm
start operations [23]. An analysis of load following oper-
ations for coal plants in Ireland shows that efficiency of the
power plant may come down by 11% and carbon emission
may increase by 65% [24]. The cycling operation also
leads to accelerated component failures and creep—fatigue
[25].

The drop in efficiency due to partial load operation and
load following of steam power plants can be certainly
estimated from characteristic equations of individual
plants. The steam power plant technologies under consid-
eration are:

Natural Gas Single-Cycle or Open-Cycle Combustion
Turbine technology—NGSC

Natural Gas Combined Cycle technology—NGCC
Sub-critical Coal with Rankine Cycle technology
Super-critical Coal with Rankine Cycle technology
Integrated Gasification Combined Cycle technology
using Coal—IGCC

The heat rate penalties for the above steam power plant
technologies are summarized in Table 2 [19].

The decrease in efficiency due to cycling operation
results in carbon emission at a higher rate [26].
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Table 2 Heat rate penalties for partial loading with available steam power plant technologies

Steam power plant technologies NGSC NGCC NGCC Sub-critical coal Super-critical coal 1IGCC
Minimum partial load (%) 50 40 60 50 40 60
Heat rate penalty at minimum partial load (BTU/kwh) 1277 1889 765 464 489 1877
Requirement of Centrally Coordinated Cycling CM1(US$) = PD1 x US$1.96 par MW Capacity

Operation and Additional Transmission Loss = 152,512 % 1.96 = 298,924. (18)

If the requirement of rise in power demand in a sub-area is
addressed locally, different sets of power plants will be
used for rise in power demand in different areas. Hence,
without central pool of cycling power plants, there will be
no savings in cycling operation. To coordinate cycling
operations with central pool of power plants, the additional
transmission loss must be taken into consideration. The
percentage power loss in a transmission line depends on
conductor resistance (r), the positive sequence reactance
(x) and the phase angle (d). It is given by Eq. (15).

Pross(%) = 100 * sind * (r/x) (15)

A large number of super thermal power plants are
located in central India. These plants are suitable for both
base load and cycling operations. Based on the hourly data
of 2015 in Table 3, the average cycling power required to
be transferred from these central pool of power plants to
the adjacent sub-area is presented in Eq. (16).

CP = 4385 MW (16)

The percentage power loss for 1200 kV power line is
taken as 0.584% from Eq. (15). The power loss per day for
transfer to two adjacent sub-areas from the central sub-area
at 1200 kV for 2 h is estimated in Eq. (17).

PLOSS =2 % CP % 0.00584

(17)
=2 %4385 x 0.00584 = 51 MWh

The additional power loss and related penalties for central
coordination of cycling operation for average peak demand
in 2015 are included in Table 3.

Based on the estimated transmission losses for Indian
power grid for the year 2015 with a transmission backbone
at 1200 kV level, the additional heating value is approxi-
mately 0.2% of the savings from reduction in cycling
operation. Also, savings are achieved towards non-fuel
expenditure.

Savings in Capital & Maintenance Cost for super-criti-
cal coal plants in India in 2015(@ US$ 1.96/MW capacity
for 30% ramp operation) [22, 23, 27, 28] are given by
Egs. (18) and (19),
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Savings in Capital and Maintenance Cost for NGCC
plants in India in 2015 (@ US$ 0.64/MW capacity for 20%
ramp operation) [22, 23, 27, 28] are given by Eq. (19),

CM2(US$) = PD1 % US$0.64 per MW Capacity
— 152,512 % 0.64 = 97, 608. (19)

Estimation of Growth in Peak Demand in Indian
Power Grid

Assessment of the growth of electrical power demand in
India is available in research work carried out by govern-
ment reports, peer reviewed journals, reports of interna-
tional agencies and international conferences [17, 29-37].
The published research work of a project taken up by The
Grantham Institute of Climate Change, The Imperial Col-
lege, London [29-31], is close to the projections of Central
Electricity Authority, Government of India [32, 33].

The SPSS PASW Statistics 18 with exponential growth
model is used to estimate curve Eq. (20) for electricity
generation from 2005 to 2050.

Y = 2.291 % 05241 %1 (20)

where Y = electrical energy generation in exajoules (EJ)
and t = 045 for the years from 2005 to 2050.

In the annual report of the planning commission, 2014
[32], the minimum rate of growth is observed in the year
2012-2013 with a peak demand of 135, 453 MW. This
value is fitted with the estimated curve Eq. (20) to obtain
the exponential growth Eq. (21) for peak demand.

Z = 93,855 x 05241+ (21)

where Z = peak demand in MW; ¢ = 045 for the years
from 2005 to 2050;

Based on Eq. (21), the estimated peak demand is cal-
culated for the years from 2020 to 2050.

The peak demand of 185,505 MW projected for 2018 as
per the exponential growth model is very close to the peak
demand of 180,682 MW anticipated in CEA Load Gener-
ation Balance Report 2018-19 [33] and the actual data of
174,682 MW [14].
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C1 =B1 * 0.4 * 24 * 0.516 + B1 * 0.57 * 1.055 — Pross * 10.41 * 1.055 (GJ/day)
Savings in carbon emission for coal units, D1 = C1 *365 * .0946 * 10~¢ (MtCO2/year)

4.01

7.44

7.39

6.34

21,915
848

40,361
510

40,046

260

34,325
243

CR/0.4 (60% minimum loading)

Additional heating value for transmission losses at 1200 kV, Py oss * 8.2 * 1.055 (GJ/day)

Savings in heating value by reduction in cycling operation for NGCC units,

Savings in cycling operation/day for plant capacity, B2

468,486 471,924 255,671

401,538

B2 * 0.6 * 24 * 0.807 + B2 ¥0.08 * 1.055 — Ppogs * 8.2 * 1.055 (GJ/day)

C2
Savings in coal per annum (Mt) @17 * 10° GI/Mt, F

2.50
250

4.60 4.63
463

460

3.94
394

C1 * 365/(17 * 10°) (million tons)

Savings from fuel cost of cycling operations for coal plants @ US$ 100/, G1 = F * 100 (million US$)

242,329
301

447,298
555

444,039
551

380,585
472.3

C2 *0.94781712031332

Fuel cost per annum for cycling operation of NGCC units @ US$ 3.4 per MMBtu, G2

Savings in natural gas (MMBtu/day) H

H * 365 * 3.4 * 10~° (million

US$)

Cumulative Savings in Carbon Emission
and Expenditure Up to the Year 2050

The estimated savings in carbon emission are presented in
Table 4. The cumulative savings in capital expenditure and
cost of cycling operation are presented in Table 5 based on
published data [38—41].

Conclusion

Calculations for sub-critical coal plants, open-cycle gas
turbine plants and IGCC plants have not been included in
this work. For these types of plants, the cost of cycling
operation is substantially higher. Between the coal plants
and NGCC plants, the operation cost of NGCC plants is
higher due to fuel cost. Naturally, the NGCC plants are
avoided for base load operations and are used in case of
higher demand. Hence, the NGCC plants have become the
convenient choice for cycling operations. Also, overall
carbon emission of coal plants is higher and they are
expected to be gradually replaced by IGCC plants with
substantially lower carbon emission with the same fuel.
With the existing built-up capacity, the coal plants will
continue to be an option for cycling for many years. In
spite of high penalty for cycling operations of NGCC
plants, the life-cycle savings are marginally lower than
coal-based plants.

As time is in the domain of public interest, all adjust-
ments of time have to be implemented through legislation.
The major technical challenge of implementation of time
adjustments across India shall be to adjust the transmitter
and receiver end-equipments of Standard Time & Fre-
quency Systems under National Physical Laboratory (NPL)
[13]. To minimize the cost of these changes, it is possible
to restrict the modifications to software and firmware
without replacing the hardware.

The load consumption pattern across the geography of a
country is not expected to change within a decade. Hence,
the Standard Time and Frequency Systems will not need
frequent adjustments. Given that several countries are
adjusting their time systems every year for daylight savings
[4], it is expected that the proposed time adjustments can
be implemented across the states of India.

Adjusting the time-keeping systems in other countries
should result in similar benefits. With the availability of a
precise model, the application can be replicated for any
large country where the territory is suitable for more than
one time-keeping system.



J. Inst. Eng. India Ser. B (December 2019) 100(6):541-550 549
Table 4 Estimated carbon savings with three time zones
Year 2020 2025 2030 2035 2040 2045 2050
Estimated peak demand with single time-keeping system (MW) 206,005 267,722 347930 452,167 587,632 763,682 992474
Estimated reduction in cycling operation (9%) with three time- 18,540 24,095 31,314 40,695 52,887 68,731 89,323
keeping systems (MW), CR
Savings in carbon emission for coal units, 7.7 991 12.94 16.82 21.87 28.42
D1 = C1 * 365 *.0946 * 10~° (MtCO2/year)
Savings in carbon emission for NGCC units, 11.10 1442 18.74 24.36 31.65 41.13 53.46
D2 = C2 * 365 * .0561 * 10~® (MtCO2/year)
Savings in coal per annum (Mt) @17 * 10° GI/Mt, F = C1 * 365/ 3.67 4.77 6.16 8.05 10.46 13.60 17.67
7 * 10°%
Fuel cost of cyclic operation per annum for coal units @ US$ 100/z, 367 477 616 805 1046 1360 1767
G1 = F * 100 (million US$)
Savings in natural gas (MMBtu/day) H = C2 * 0.94781712031332 513,593 667,483 867,460 1,127,416 1,465,074 1,903,982 2,474,423
Fuel cost per annum for cycling operation of NGCC units @ US$ 3.4 637 828 1077 1399 1818 2363 3071

per MMBtu, G2 = H * 365 * 3.4 * 10~ (million US$)

Table 5 Cumulative savings in capital expenditure, cycling operation expenditure and social cost of carbon from year 2020 to 2050

Description of savings

With cycling of coal =~ With cycling of NGCC

plants plants

Savings in one-time capital expenditure (billion US$)
= PR(2050) * 3.246 * 10~ for advanced coal unit 193
= PR(2050) * 1.023 * 10~ for advanced NGCC unit 61
Investment in 1200 kV, 18,000 MW UHVAC transmission lines (cost 220 million EURO — 4 —4

[42]) (billion US$)
Savings in capital and maintenance (3> CM1 or Y CM2) (billion US$) 30 10
Savings in cumulative cost of cycling operation (3_G1 or > G2) (billion US$) 272 47.5
Cumulative savings in carbon emission [43] (billion US$) 11 20
Total cumulative savings (billion US$) 257 134
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