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The shortage of non-renewable power supplies and critical environmental issues such as climate change, urban
sprawl, ozone layer depletion and excessive carbon emission are the main driving forces that urged many
countries and non-profit organisations fully committed to seeking more sustainable energy sources and energy
planning. Various Process Integration techniques have been developed, extended and utilized in the energy
planning sector. Based on the literature review, the use of time-sliced based models in energy integration is still
limited. This paper aims to develop time-sliced models that can be applied into an energy integration model that
promises higher energy efficiency in power generation energy planning. To accomplish this, a two-stage
framework involving (i) targeting and (ii) scheduling is proposed. The targeting step is to determine the minimum
amount of renewable energy sources needed to meet the carbon emission limit whereas the scheduling step is
to discover the optimal scheduling of introduced renewable energy sources to mitigate the total electricity bill. It
is proposed that with the aid of adequate planning, the economic benefit of utilising renewable energy can be
realized. A case study in Malaysia that incorporates an actual billing system is used to demonstrate the
effectiveness of the model in reducing both carbon emission and energy cost simultaneously. With the use of
the proposed framework and developed model, 46.9 % of electricity bill can be reduced while emission is
reduced by 40 % compared to the initial emission.

1. Introduction
Global warming and climate change have always been a huge challenge for the global community and are yet
to be solved. These issues are caused by the excessive generation of greenhouse gases, which has global
heating effects and carbon dioxide (CO2) represents a substantial part of these issues. According to the BP
Statistical Review of World Energy (2019), Malaysia’s carbon dioxide accounted for up to 250.3 Mt in 2018,
which increased by 2 % compared to 2017. Electricity consumption has been the largest contributor to this
enormous carbon emission due to the country’s growing energy demand. The reliance of fossil-based energies
for electricity generation and consumption is likely to grow in the near future as Malaysia has been gearing itself
up for Industry 4.0 to boost its productivity growth (Moreira, 2019) and the International Energy Agency (IEA)
had estimated the usage of renewables usage from 14 - 31 % in the next 20 y duration. Malaysian government
has been putting tremendous effort to reduce the country’s total carbon emission by 45 % in 2030 and get the
country prepared to be carbon-free by 2050 (Lokmann, 2017), which can be performed by introducing the
renewables energies technologies. However, the overall renewables, which only constitute about 2 % of the
total power generation mix in Malaysia are comparatively expensive compared to fossil-based energies (Wan
Abudllah et al., 2019). Tenaga Nasional Berhad is one of the largest electricity utility companies in Malaysia.
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However, the Maximum Demand charges, which comes from the highest level of electrical demand in a period
during which the energy supply company may be required import energy from other regions may entail a
relatively high charges that can overburden the customers. The renewables are required to be targeted at an
exact period that enables the maximum demand level to be lowered down and reduce the maximum demand
penalty. The newly proposed two-step-framework aims to provide a fundamental methodology for developing a
time-sliced-based energy planning model. The model developed based on the framework proposed helps in
optimising the power allocation in the power generation sector by reducing the electricity bill and achieving the
carbon emission limit.

2. Literature Review
The selection of optimisation tools in handling optimisation problems depends on the problem nature itself. The
continuous development of optimisation tools or techniques is essential as they are being extended to handle
more complicated optimisation problems. For instance, Ooi et al. (2014) presented an optimised framework in
carbon-constrained energy planning deployed with carbon capture and storage technologies by introducing
renewable energy sources and allowing the carbon emission to be transferred internally within 15 y horizon of
energy planning. Koltsaklis et al. (2014) and Muis et al. (2010) had designed and remodified a mixed-integer
linear programming (MILP) model for optimal energy planning in Greek and Peninsular Malaysia. However,
these works did not incorporate the time-sliced issue into their evaluation and optimisation model. This work
aims to extend the framework by developing a mathematical model that considers multi-period scheme and the
billing system utilised in Tenaga Nasional Berhad (TNB), which in the end can meet the carbon emission limit
and minimise the total electricity bill simultaneously. As mentioned in Klemeš et al. (2018), no accurate multiperiod-based optimisation models have been developed to address optimisation problems. The formulation of
a multi-period power allocation model in the power generation energy planning sector has been proposed in this
work to optimise the multi-period power allocation.

3. Methodology
The carbon emissions constrained energy planning optimisation problem can be formally stated as follows:
•
Given a set of time intervals of 30 min in a day assigned as T = {1,2,…48}.
•
Given the total energy demand in each interval as DEMAND= {DT1, DT2,…DT48}.
•
Given the available energy sources, i.e., renewables energies and fossil-based energies are assigned
as SOURCES= {SR, SF}, to be used to fulfil the total energy demand. Each energy supply has its
emission factor,Ci, which is CFossil and CRenewables.The product of energy demand emission factor gives
the total carbon emission (ET) with the equation, i.e, ETN = DTN Ci.
•
Given the cost of energy utilised may vary due to different time period, the cost factor of each energy
demand at each time interval can be named as, CFOff-Peak, CFMid-Peak and CFPeak.
•
The Maximum Demand value is the highest average value of energy demand at different time intervals
(Off-peak, Mid-Peak and Peak period) so the value may differ across the time intervals and the charges
(MDOff-Peak, MDMid-Peak and MDPeak) of different time zone are listed in Table 1.
•
In this work, the renewable energies are assumed to be solar energy and already in operation, the
installation fee for the solar panel is negligible. Furthermore, the operation of the case study is also
assumed to operate at steady-state condition.
The two-stage optimisation framework is proposed in this work. The first stage, Targeting, is to identify the
minimum quantity of renewables to meet the carbon emission limit; while the second stage, Scheduling, is the
optimal scheduling strategy to introduce the limited amount of renewable energy sources that reduce the
maximum demand charges. The latter stage is crucial as it determines the value of maximum demand charges
in the total bill. Each of the stages utilised different approaches, which are Carbon Emission Pinch Analysis
(CEPA) and Automated Targeting Model (ATM) technique. The objective of this work is to minimise the total
electricity bill and, in the meantime, meeting the emission limit and fulfil the required energy demand.

4. Model Formulation
4.1 Carbon Emission Pinch Analysis (CEPA) Targeting
Carbon Emission Pinch Analysis (CEPA) has been used to identify the minimum quantity of energy needed for
different transportation types to meet their respective emission limit and transportation demand (Fakrul Ramil et
al., 2017) and energy sector planning in Nigeria (Salman et al., 2018). In this case, CEPA is used to identify the
minimum quantity of carbon-neutral energies for this problem and is demonstrated with a hypothetical example.
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This work uses an approach known as linear programming to solve the targeting step. The key to choose a
linear programming technique in this step because it promises a guaranteed-solution from the problem
formulated (Lin, 2018). The developed model determines an exact value of the minimum amount of renewables
with a carbon emission limit constraint. The objective function (as given in Eq(1)) is set to minimise the amount
of carbon-neutral energy sources required in the optimisation problem.
𝑀𝑖𝑛 𝑆𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 = 𝑆𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 = 𝑆𝑅𝑇1 + 𝑆𝑅𝑇2 + ⋯ + 𝑆𝑅𝑇48

(1)

The carbon emission of each time interval is the product of energy demand and their respective carbon intensity,
by using the Eq(2) as below:
𝐸𝑇𝑁 = 𝑆𝐹,𝑇𝑁 𝐶𝐹𝑜𝑠𝑠𝑖𝑙 + 𝑆𝑅,𝑇𝑁 𝐶𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 ∀𝑁

(2)

The total energy supply (either fossil-based or renewables) are required to fulfil the energy demand, given as:
𝐷𝑇𝑁 = 𝑆𝐹,𝑇𝑁 + 𝑆𝑅,𝑇𝑁

∀𝑁

(3)

As for the carbon emission limit (𝐸𝐿 ), it is targeted to be reduced to 40 % lower than the initial emission (𝐸𝑖 ):
𝐸𝐿 = 𝐸𝑖 × 0.6

(4)

The formulation above develops as the first linear programming model (LP) and is solved using global solver.
The formulated model is then solved using optimisation software, LINGO V18 (LINGO Systems Inc, 2020) and
the results are plotted as a Composite Curve as shown in Figure 1(a).

Figure 1: (a)Targeting for a minimum quantity of carbon-neutral sources; (b) Fundamental Framework for a
different time interval
4.2 Automated Targeting Model (ATM) Scheduling
A fundamental optimisation ATM framework is proposed here to the scheduling concept for total electricity bill
cost reduction (Figure 1(b)). Similar to the targeting step, the developed model aims to determine the minimum
electricity bill by reducing the maximum demand value of each time period. As shown in Figure 1(b), Energy
Demand cascade and cost cascade are performed. The total energy demand across all time intervals are
conducted and arranged according to their respective time period. The objective function of this step is to
minimize the total cost of across all the time intervals which the equation can be defined as Eq(5). The
relationship of the total energy demand and the cost can be mathematically expressed as in Eq(6) to Eq(7):
𝑀𝑖𝑛 𝐶𝑜𝑠𝑡𝑇 = 𝐶𝑇1 + 𝐶𝑇2 + ⋯ + 𝐶𝑇48
𝐶𝑇𝑁 = (𝑆𝐹𝑇𝑁 ∗ 𝐶𝐹 ) + (𝑆𝑅𝑇𝑁 ∗ 𝐶𝑅 )

(5)
∀𝑁

(6)

Eq(7) shows the relationship between energy demand and different energy supplies at different time intervals
to ensure the energy demand is fulfilled.
𝐷𝑇𝑁 = 𝑆𝐹𝑇𝑁 + 𝑆𝑅𝑇𝑁

∀𝑁

(7)

Additional constraint needs to be added to limit the energy usage supplied by Tenaga Nasional Berhad by only
supply 70 % of the highest energy usage across all time intervals. The function can be expressed as Eq(8).
𝑆𝐹𝑇𝑁 < 𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝑈𝑠𝑎𝑔𝑒 𝑖𝑛 𝑃𝑒𝑎𝑘 𝑃𝑒𝑟𝑖𝑜𝑑 × 70 %

∀𝑁

Tenaga Nasional Berhad has its unique calculation which is represented by Eq(9).

(8)
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𝐶𝑜𝑠𝑡𝑇 = (𝐷𝑇𝑁 ∗ 𝐶𝑜𝑠𝑡 𝐹𝑎𝑐𝑡𝑜𝑟) + (𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐷𝑒𝑚𝑎𝑛𝑑 ∗ 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐷𝑒𝑚𝑎𝑛𝑑 𝐶𝑜𝑠𝑡)

(9)

The second linear programming (LP) model is again solved using LINGO V18 and the optimum solution can be
generated using global solver function in LINGO V18. The calculated solution will result in the exact time period
and rigorous amount of carbon-neutral sources to be placed at that particular time interval.
Table 1: Cost Factor of each time intervals (Tenaga Nasional Berhad, 2014)
Time Interval

Cost Factora (RM/kW)

Time Zone

Maximum Demand Costb (RM/kWh)

0000-0800
0830-1100
1130-1200
1230-1400
1430-1700
1730-2130
2200-2400

Off-Peak
0.202
Mid-Peak
0.310
Peak
0.390
Mid-Peak
0.310
Peak
0.390
Mid-Peak
0.310
Off-Peak
0.202
a Data obtained from Tenaga Nasional Berhad (2014)
b Data obtained from Malaysia Energy Commission (2014)

N/A
35.00
38.30
35.00
38.30
35.00
N/A

5. Case Study
A hypothetical example has been demonstrated as a case study to be applied in the developed model. The
energy usage of each time interval is tabulated in Table 2.
Table 2: Energy Usage of sample building
Time
Interval
1
2
3
4
5
6
7
8
9
10
11
12

Energy Usage Time Interval Energy Usage Time Interval Energy Time Interval Energy
(kW)
(kW)
Usage (kW)
Usage (kW)
229.0735
225.2935
230.1422
231.1124
223.445
221.5743
213.5395
209.6321
205.4712
202.7206
202.0423
200.4014

13
14
15
16
17
18
19
20
21
22
23
24

199.2967
205.0217
193.1337
191.9594
238.2239
266.0278
317.7769
361.3269
491.9558
520.2654
510.3378
505.981

25
26
27
28
29
30
31
32
33
34
35
36

515.2068
517.6999
536.417
526.2507
528.1383
532.0152
525.9759
515.8652
497.5896
501.1247
505.5025
494.8704

37
38
39
40
41
42
43
44
45
46
47
48

509.3742
513.7304
522.5509
521.8292
530.5253
542.5888
533.8071
476.9998
339.2704
276.1561
256.2149
235.9339

By declaring a 40 % carbon emission reduction, the case sample has been set to have a carbon emission limit
of 0.25 Mt (initial carbon emission=0.37 Mt). Few assumptions are made for this case study:
1. The renewables are assumed to be solar energy sources; while its cost factor is set at RM0.45/kW.
2. The carbon intensity of fossil-based-energies is fixed at 0.693 kg/kWh (Abdul-Azeez., 2016) while the
carbon intensity of carbon-neutral sources is assumed to be 0.024 kg/kWh (Wade, 2016).
The installation fee for solar energy sources is negligible in this case. Based on the first targeting model, and
solving the objective function in Eq(1) subjected to the constraints from Eq(2) to Eq(6) for the case study, the
model generated a result that a minimum amount of 7,514 kW of carbon-neutral energy sources is required.
Figure 2(a) shows an illustrative result from the developed model. The amount of carbon-neutral energy sources
is then reinserted to Eq(2), as a constraint in the second scheduling model. The objective in the second
scheduling model is to minimize the total electricity bill with a given amount of carbon-neutral energy sources.
Note that the main expenses in the total electricity bill come from the maximum demand charges so the
maximum demand value is required to be reduced to its minimum value across all the time intervals. The results
and the maximum demand value of each time period are generated as illustrated in Figure 2(b) and Table 3.
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Figure 2: (a) Targeting minimum amount of carbon-neutral energy sources; (b) Scheduling step for different time
intervals
Table 3: Average Maximum Demand Value of each time zone
Time Interval

Time Zone

17-22, 25-28, 35-43
23-24, 29-34

Mid-Peak
Peak

Total Energy Usage
(kW)
5,676.44
0

Total Time
Interval
19
8

Average Maximum
Demand (kW)
298.76
0

Figure 3 shows the comparative analysis of the total electricity bill before and after the optimization.

Figure 3: Comparative results before and after optimisation

6. Discussion
The results generated from the developed model proved that the electricity bill has been significantly reduced
compared to the initial electricity bill by around 46.9 % for a cycle of the billing system. To note, the maximum
demand value has significantly reduced from 542.6 kWh to 298.76 kWh. The reliance on fossil-based energy
sources shall be reduced by 58 % in this case as renewable energy sources are utilised to meet the emission
target. The proposed framework and the case study performed in Malaysia had successfully demonstrated and
indicated how optimal scheduling strategy helps in energy planning by providing economic benefits. Both
targeting and scheduling steps proposed in this study works as a continuous effort in this carbon-constrained
optimisation problem. By looking at the comparative results illustrated in Figure 3, the fundamental framework
proposed in this work had critically demonstrated the effectiveness of the model in reducing the electricity bill
and verify the optimal usage of renewable energy sources in a sample energy usage profile. However, results
validation cannot be carried out at this stage as no relevant work has been carried out before.

7. Conclusion
This work proposed a brand-new multi-period optimisation framework and developed a linear programming (LP)
model which consists of two steps, (i) Targeting and (ii) Scheduling, that aims to solve the carbon-constrained
energy planning by introducing renewables. The proposed framework has been applied to a case study in
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Malaysia incorporated with the Tenaga Nasional Berhad billing system. The developed model provides the
optimal scheduling of inserting the limited amount of renewables at different time intervals but ensures the
electricity bill to be minimised at the end. The model developed for the specific case study indicates that the
total electricity bill can be reduced by 46.9 % by using the optimal scheduling strategy generated and reduce
the reliance of fossil-based energy sources by 58 % in the power generation sector. This justifies the
effectiveness of the framework proposed in energy sources allocation. The main limitation of this work is the
selection of the renewables used in this framework which solar is assumed but the choice of the renewables
depends on geographic variability, site restrictions, and financial constraints.
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