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Abstract. The efficiency of fossil power generation has improved during the last
decades and technology development has played a significant role in this improve‐
ment. However, several factors can affect the efficiency level, such as operation,
maintenance and environment, etc. The economic growth in Saudi Arabia in
recent years has increased the demand for electricity. On the supply side, despite
the reinforcement of generation stock with new units, the generation efficiency
of fossil fuel has not improved significantly and is considered as being amongst
the lowest in the world. This, as a result, means further consumption of resources
and more emissions being produced. For this study, a new merit order has been
produced using mathematical models to optimise the operation of power plants
and improve the average efficiency. In addition, a simulation model was built to
verify the enhancement. The results of the first stage show, on average, 3.5%
improvement in generation efficiency and around a 4.95 Mtonnse reduction in
total CO2 produced. In the second stage, the efficiency improved by 6% and the
emissions rate dropped by 5.7%.
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1 Introduction

In Saudi Arabia, electricity demand has been growing continuously. A 9.1% rise in peak
load was recorded 2013 [1] and around 8% on average during the last decade [2],
compared with 2.1% globally. This trend is anticipated to last for the next few years,
thus resulting in the need to double the existing generation capacity [3]. Oil and gas are
the main sources of electricity in Saudi Arabia. The growing demand for electricity has
increased the local consumption of primary energy and Saudi Arabia has become the
world’s twelfth biggest energy consumer. In addition, local oil consumption has doubled
and reached around 38% of total primary energy, making the country the sixth largest
oil consumer [4]. 39% and 43% of oil and gas, respectively, are consumed in electricity
generation.

The average generation efficiency in the kingdom did not improve significantly
during the last two decades, although the generation assets are being reinforced by new
units on a yearly basis. Nevertheless, several researchers have reported Saudi Arabia as
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being among the poorest performing countries in terms of generation efficiency [5, 6].
Regarding which, the average efficiency in the country improved from 26% to 29%
(1990–2010), with an annual average of 0.15 of a percentage point. On the other hand,
average efficiency in the EU countries reached 46% in the same period [1]. Globally,
average efficiency of fossil power generation was 35% in 2003, whilst gas fueled units
reached 40% and oil 36% [7].

Efficiency improvement can have significant financial and environmental impact.
For instance, the Saudi Electricity Company (SEC), the largest electricity producer in
the kingdom, reported 0.12% heat rate reduction in 2011 and 1% in 2014 compared with
the previous year. As a result, the fuel saved was worth $28.3 million in 2011 and 12.1
million barrels of oil equivalent in 2014 [8, 9]. This is based on 70% of the country gross
electricity produced. Environmentally, achieving 0.1 higher efficiency would reduce the
total CO2 emissions produced by 0.18% to 0.24% [10].

In Saudi Arabia, efficiency has been discussed from a different point of view. The
majority of attention has been focused on the consumption side aimed at controlling and
reducing the increasing demand [11, 12]. On the supply side, the adoption of renewable
energy has been a widely discussed topic [13–15] in relation to mitigating the consump‐
tion of fossil fuel in electricity generation. In order to improve the level of generation
efficiency, increasing the share of combined cycle (CC) units has been proposed, since
they have the ability to generate electricity at a lower heat rate [1, 6] compared to other
technologies. However, this option has not shown any significant improvement, for after
the doubling of the capacity share of CC units between 2011 and 2013, no marked
improvement was observed [16, 17].

The literature has reported several factors that can affect generation efficiency in
power plants. Operation is pointed to as the most influencing factor, with up to 7% loss
in efficiency, followed by maintenance, subsidies, environment etc. [18–21]. Likewise,
among all the influencers, operation has shown the strongest association with the current
low efficiency level in Saudi Arabia [22]. It shows high utilisation of less efficient units
when compared to the top efficient power plants. In addition, it is acknowledged that
the existing generation stock has the potential of reaching a higher level of efficiency.
This paper is aimed at improving the efficiency by optimising the operation of power
plants in Saudi Arabia and examining the improvement proposed.

The remainder of this paper is structured as follows. Section 2 provides a back‐
ground, whilst Sects. 3 and 4 describe the methodology employed. Section 5 presents
the results obtained and discussion. Finally, Sect. 6 concludes this paper.

2 Operating Criteria of Power Plants

Demand is fed through a mix of different types of power plants with different charac‐
teristics and different costs of production. To obtain the optimum operation, power plants
are classified according to their cost in generating electricity. Units with the lowest cost
of production are located at the top and have priority in operation. This ranking is known
as “Merit- Order” [2]. In Saudi Arabia, power plant operation is planned based on the
cost of electricity units produced. The main objective is to ensure sufficient production
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under minimum cost within the security limits. This rule has some exceptions to avoid
interruptions, such as shortage in supply, sudden low voltage or unexpected increase on
the demand side. The operation of the network is controlled by an LDC (Load Dispatch
Centre) located within the SEC, which theoretically means efficiency is a major criterion
in operation, since it is related to cost.

3 Simulation

“Simulation is the process of designing a model of a real system and conducting experi‐
ments with this model for the purpose of understanding the behavior of the system and/
or evaluating various strategies for the operation of the system” [23]. Simulation does
not provide solutions; it shows the outcomes of applying different alternatives
(scenarios) to the system. This can support the decision makers in evaluating the
performance of each choice and acting with high confidence. The main purpose of
utilising simulation is to avoid unexpected results in the real world as it predicts system
behaviours and outcomes subsequent to any change. Simulation has achieved a 92%
satisfaction factor as a tool in supporting decision making [24]. It can be considered as
providing risk reduction, efficiency improvement, operation and capital cost saving
along with other financial benefits. Furthermore, it is a useful tool for examining hypoth‐
eses so as to understand the reasons for a particular phenomenon [23].

A discrete event simulation model has been designed tested and justified following
the steps and approach from several studies [25–29]. It was run several times utilising
real data obtained from the Electricity and Cogeneration Regulatory Authority (ECRA)
in SA [30]. However, only the data for SEC’s power plants during the year 2011 were
deployed. The data for the simulation comprised 48 power plant names, type, merit
order, heat rate and gross actual generation. It is important to mention that this represents
around 70% of total production in the kingdom.

The obtained data do not provide exact details of internal consumption (auxiliary) at each
power plant. Therefore, 3% was considered as the average for all of them and 10% losses in
the transmission and distribution networks, as mentioned in ECRA reports [17, 31]. Fuel
consumed and annual load profile was also collected from ECRA annual reports. Finally, the
emissions produced and the total cost of fuel were found in [32, 33]. This data will be used
to verify the model results.

The simulation report illustrates similar results to the real system by consuming the
same amount of fuel and generating a similar amount of electricity at identical efficiency
for each unit and on average. Nevertheless, the analysis shows no relation between merit
order, efficiency and the actual capacity factor (see Fig. 1). This could be related to the
existence of fuel subsidies, which tend to favour less efficient units that are negatively
reflected in the average efficiency [1].

In addition, fuel subsidies do not reflect the actual cost of production on the supply
side and generate a distorted price pattern [34], which does not support effective decision
making for better utilisation of national resources [21, 35, 36], as well as having signif‐
icant consequences regarding the efficiency. Consequently, a new merit order is
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proposed here grounded in a combination of efficiency and a capacity factor using a
mathematical model.

4 Mathematical Model in the Electric Power Industry

A mathematical model is a powerful method for helping to understand system perform‐
ance through equations [37]. It has been utilised to solve issues by recognising the rela‐
tions within the system or predicting the outcomes of specific variables [38]. Employing
such a model requires in depth understanding of the problem to ensure that it is designed
appropriately.

4.1 Model 1

In this study, we develop a new merit order by utilising the efficiency (E) and load factor
(LF). The mathematical model has been used in order to identify the weight of each
factor.

E =

k∑

i = 1

(ciei) (1)

Where E is the average generation efficiency, k is the number of power plants, e is
the efficiency of each power plant and c is the percentage contribution for each power
plant, as shown below:

Fig. 1. Efficiency vs capacity factor and merit order
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c =
PPGP

TP (2)

Where TP is total production, PPGP is the power plant gross production.

PPGP = LF ∗ NC ∗ 7500h (3)

Where NC is the nominal capacity and 7500 is the maximum operating hours per
year for the unit.

e =
3412
HR (4)

Where HR is the Heat Rate. Hence, we have:

E =

k∑

(i=1)

LFi*NCi 3412 ∗ 7500
(HRi TP) (5)

The actual nominal capacity, total production and average heat rate of the power
plants are applied in Eq. (5) to determine the weight both factors in Eq. (6).

S = E + (F*LF) (6)

S is the new merit order. By applying Eq. (6) for each power plant individually, using
the efficiency and load hours, a new merit order is generated that can be used for oper‐
ating the power plants.

4.2 Model 2

Alternatively, improvement can be designed based on estimating the required production
from each unit that will provide maximum system efficiency.

(1) Total production has been classified into two categories in Eq. (7). Electricity is
produced by efficient and non-efficient power plants. The criterion used in classi‐
fying the units is the average generation efficiency.

TP = Efficient production(EP) + Non efficient production(NEP) (7)

(2) Efficient production can be calculated using Eq. (8).

EP =

n∑

i = 1

(TPppi) =
n∑

i = 1

(NCppi *7500h) (8)

This means efficient units will be utilised to the maximum

(3) Non-efficient production can be calculated using Eq. (9).

NEP = TP - EP (9)
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(4) NEP will be distributed to non-efficient units according to their efficiency

Equation (10), which is one of the constraints.

EP =

m∑

i=(n + 1)

(NCppi*7500h) ≥ Demand (10)

The results will show the required production from each power plant. Nevertheless,
this method does not take into consideration the load profile, which can be seen as a
drawback and hence, mathematical programming is applied to overcome this issue.
Specifically, nonlinear mathematical programming is used to provide the optimum
output needed by each power plant to fulfil the total production requirement. The
constraints include that the electricity generated by each unit should not exceed its
maximum capacity and that there is no less than the minimum needed production to
fulfil the load profile. Total production also should not exceed demand by more than
10%. The objective to be minimized is the average heat rate using Eq. (11), which is
calculated according to the suggested production by 48 variables.

HR =

k∑

i = 1

(cihri) (11)

5 Results and Discussion

The original data have been used on the first mathematical model and generated a new
merit order that has been utilised in operating the power plants. This can be used to
generate unlimited scenarios regarding implementation by changing the loading hours
for each unit. To identify the most optimum scenario, Eq. 7 was applied several times
to obtain the required loading hours for each unit. Then, the original simulation model
was run and new results were generated. The simulation report shows 3.5% improvement
in average generation efficiency. As a result, about 66,189 billion BTU of fuel was saved,
worth around one billion US dollars. In addition, the average CO2 emissions produced
per kWh generated were decreased by 3.3%, amounting to 4.95 Mtonnes reduction in
the total CO2 produced by fossil fuel generation.

The second mathematical method combined with the optimisation tool was applied
to maximise the utilisation of efficient units and minimise it in the least efficient power
plants, without affecting the demand. The obtained utilisation factor was applied to the
simulation model and new results were obtained. The second simulation report demon‐
strates better results than the previous method and the efficiency has improved by 6%
compared to the reference scenario. This improvement saves around 1.8 billion US $ by
reducing the total fuel consumed by 114 T.BTU (−5.7%). Furthermore, the reduction in
the emissions rate is 0.449 kg per kWh, which represents a decrease of 8.5 Mtonnes in
CO2.

Table 1 summarises the results of both methods and compares them to the reference
scenario. As can be seen, the difference in the utilisation factor of the efficient units has
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increased significantly from 78% to 82% in stage 2 and 100% in stage 3. On the other
hand, the utilisation of less efficient power plants, has decreased from 40% to 30% in
stage 2 and finally, to 25% in stage 3. As a result, the cost of an electricity unit has been
reduced to 0.158 $/kWh.

Table 1. Results summary

Reference
scenario S1

1st method
improvement

2nd method
improvement

Total production (GWh) 189,776.63 189,889.33 189,778.23
Fuel consumed (T.BTU) 2,008 1,942 1,894
Fuel saved (T.BTU) ----- 66 114
Cost of fuel (M.USD) 31,750.15 30,703.70 29,943.79
Saving (M.USD) ----- 1,046.45 1,806.36
Efficiency (%) 32.24 33.36 34.19
Improvement (%) ----- 3.5 6.1
CO2 emissions (kg/kwh) 0.7888 0.7623 0.7439
Reduction (%) ----- 3.4 5.7
CO2 emissions (M.Ton) 149.696 144.750 141.176
Reduction (M.Ton) ----- 4.95 8.52
Efficient PP Avg. utilisation factor (%) 78% 82% 100%
NEP PP Avg. utilisation factor (%) 40% 30% 25%
Cost ($)/kWh 0.167 0.162 0.158
Discount (%) ----- 3 5.4

The calculation of average efficiency is affected by the amount of electricity
produced by each generating unit (contribution) under specific efficiency. This means
that the presence of highly efficient units is not sufficient to improve the average effi‐
ciency unless they make a significant contribution, because the increase in the share of
production of less efficient units will result in reducing the average efficiency and
vice versa. The analysis of the first simulation results show that 52% of gross production
was generated by power plants with above average efficiency, but these units were only
utilised 78% during the year. On the other hand, several power plants with efficiency
below average were being used more than those with high efficiency. This means that
SEC’s generation assets are not being deployed as efficiently as they could be, which is
the main contributor to the low level of average efficiency.

Whilst significant improvement was generated during the implementation of stage 2 and
3, nevertheless, further improvement can be made. According to several studies, the increase
in load factor can have significant impact on the unit average efficiency [39, 40]. This study
is based on the provided figures of the heat rate for each unit and it was assumed the average
figure was fixed in all the scenarios proposed. The results of the new methods indicate
higher load hours of the efficient units. This has the potential to increase the average effi‐
ciency of each power plant by (1–7% points) or to reduce the fuel consumed by 25%, on
average and as a result, this will be positively reflected in the average efficiency. This can
open a window for future research.
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6 Conclusion

In this paper, the operation of SEC power plants has been analysed using simulation.
The results have shown that existing generation stock is not being operated efficiently.
Consequently, new merit order has been proposed, using a mathematical model that
combines the quality and quantity so as to produce a single measure for operation.
Subsequently, simulation models were utilised to implement the new merit order. The
average efficiency of power plants improved significantly by optimising the operation.
The proposed mathematical model and simulation could be employed in the future with
the addition of further parameters.
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