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Abstract: While knowledge of energy security has been thorough and elaborate, understanding
energy security within the context of the water-energy-food nexus, where substantial inter-sectoral
causes and effects exist, is less established, more so for Malaysia. This paper investigates the impact
of two energy scenarios on identified key indicators within the context of the water-energy-food
nexus. By utilizing a mixed method of qualitative interview and quantitative system dynamics
modelling, representative causal loop diagrams and stock-flow diagrams were constructed to
predict and allow for the analysis of behaviors of selected key indicators. Key findings include the
importance of allowing a reasonable penetration of 20% renewable energy for the long term, and
having a proper consideration for nuclear energy to assist in keeping energy costs low for the mid-
term.
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1. Introduction

1.1. The Water-Energy-Food Nexus

Traditionally, key industrial players, not exclusive to the water, energy, and food sectors, act
independently of one another, treating external or other factors (or resource) separate from their own,
which is otherwise known as silo-thinking [1,2]. Decisions involving investments and policies were
often made in an overlooked and narrowly focused fashion. It was not until recently that
interdisciplinary and inter-sectoral discussions emerged [3]. Researchers and policy-makers have
acknowledged and emphasised the fact that the water-energy-food (WEF) nexus interrelationships
are complex. However, it is also recognized that there is relatively minimal understanding on how to
address these complex relationships. It is undeniable that activities and events within the sectors of
water, energy, and food are inextricably linked and their relationships are numerous and substantial
[4-7].

It is important to consider and address the water, energy, and food resources holistically and
systematically because it is evident that intrinsic relationships exist between them [3]. On top of that,
complexity increases when factors governing the daily lives of humanity such as economy, social,
technology advancement and policies adds upon the difficulty in addressing the relationships [3,8].
Since it became apparent that completely solving problems involving any one resource or factor in
insolation to others is ineffective and counter-productive [9], it is paramount to address the problems
from a holistic and systematic approach, such as from the perspective of a WEF nexus, in order to
maximize the benefits as well as to minimize the negative impacts.
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However, the system of the WEF nexus are different from one region to another, due to several
factors such as geographical location, developmental history, culture, and more. As such, a single
generic WEF nexus solution may not exist, and, even if it did, it may not be effective for all countries.
On top of that, the dynamics of energy security, especially from the perspective of the WEF nexus, is
unknown for a country such as Malaysia. As such, this paper addresses the knowledge gap—a
systemic study on Malaysia's energy security from a WEF nexus context—by using a systems
approach.

1.2. Concept of Energy Security

The concept of energy security, as stated by Lesbirel [10], is a contestable concept similar to the
definition of security. The concept was first mentioned in the 1970s where supply disruptions and
price volatility has caused the Organization of the Petroleum Exporting Countries’ (OPEC) oil
embargo in 1973 and Iranian revolution in 1979 [11]. The notions or definitions of energy security
may vary from country to country depending on their respective energy profile or national conditions
[12,13], or, through time, where it evolves and adapt as new dimensions such as supply of oil
products, energy sources, and sustainability emerge as important factors of energy security [14].
Widely used measures of energy security are the ‘four A’s’ known as availability, accessibility,
affordability, and acceptability [15]. Early definitions of energy security were specifically focused in
nature such as to quickly recover from shocks to energy supply or infrastructure [16] or to have
continuous uninterrupted availability [17]. APERC [15] included the economic performance while
Sovacool and Brown [13] included the environmental dimension.

1.3. Energy in Malaysia

Malaysia is one of the world’s exporter of liquefied natural gas (LNG) [18] and has based a large
part of its revenues (40%) on oil exports. As of 2013, Malaysia has 98,315 trillion cubic feet (tcf) of
proven natural gas reserves and 5.85 billion barrels of proven crude oil and condensate reserves [19].
Naturally, the country’s electricity generation capacity is predominantly powered by gas (10,494.4
MW), followed by coal (8066 MW) and hydro (2149.1 MW) as of December 2015 [20]. The electricity
sector is highly regulated and the national grid is operated by Tenaga Nasional Berhad (TNB) in
Peninsular Malaysia, while two other grids are operated by Sabah Electricity Sdn Bhd (SESB) and
Sarawak Energy Berhad (SEB) in Sabah and Sarawak, respectively [21]. The then Energy, Green
Technology, and Water Ministry established three principal energy objectives in the National Energy
Policy to guide the nation’s development in the sector. The supply objective, which aims to ensure
an adequate, reliable, high-quality, and cost-effective supply of energy, the utilization objective,
which aims to promote efficient utilization of energy, and the environmental objective, which aims
to ensure that environmental sustainability is considered when producing and utilizing energy [21].

In the 11th Malaysia Plan [22], the focus strategies related to the energy sector is comprised of
strengthening stakeholders’ collaboration and coordination, which ensures and grows reliability and
security of oil and gas supply sub-sector and manages supply diversity for the electricity sub-sector
as well as improves its sustainability, efficiency, and reliability. This came as no surprise as the issues
highlighted in the energy sector were fragmented governance, security, and reliability of supply,
market distortion, lack of regulatory framework, and overdependence on fossil fuels [22].

Sharifuddin [23] presented a quantitative assessment on the energy security in Malaysia, which
conceptualizes energy security as having five core elements namely availability, stability,
affordability, efficiency, and an environmental impact. The methodology utilizes 35 indicators, which
were condensed from 400 indicators published by an international institution. From his results, it was
found that Malaysia is performing well in terms of energy availability and affordability, while,
overall, it is quite comparable to its Southeast Asian neighbors such as Indonesia, Thailand, Vietnam,
and Philippines.

In 2011, Sovacool and Bulan [24] investigated on the drivers and challenges facing the Sarawak
Corridor of Renewable Energy (SCORE) by performing interview and survey on a selected
representative sample of stakeholders in six categories including technological, economic, political,
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legal, social, and environmental. A notable finding is that a holistic understanding of these
dimensions is required to truly understand implementing projects like SCORE.

1.4. WEF in Other Regions

Various WEF-nexus-related research studies have been conducted in other regions. This section
reviews the WEF nexus research studies in other regions, which vary in terms of scale, context, and
sectors involved. However, it is necessary to understand works or WEF in other regions since it
establishes a basis for comparison to that of Malaysia.

Hardy et al. [25] assessed Spain’s water-energy nexus by first taking into consideration other
studies that analyzed Spain’s water-energy elements and then evaluated water needs in power
plants. With an annual water withdrawal of 35,000 Mm? and water-related energy consumption of
16,500 GWh, energy per water use of Spain is estimated to be at 0.45 kWh/m?3. Agriculture in Spain,
which is the largest water user, uses 58% of the total water distributed. Spain’s energy sector,
excluding hydropower, accounts for 25% of water-related energy use, where water use in generating
technologies ranges from 684 m3/GWh to 791,676 m3/GWh.

Keskinen et al. [26] explored the WEF nexus of Tonle Sap Lake, which is closely connected to the
transboundary Mekong River. By defining two research components, namely (1) hydrology and
water resources and (2) livelihoods and food security, WEF links in the area were understood and
described. For the first analysis, it was discovered that climate change does affect the Mekong River
and the Tonle Sap system by causing changes to rainfall and temperature in the area. For the second
analysis, it was found that a strong link exists between livelihood and food security of the population
of Tonle Sap because more than 65% of the workforce are either involved with agriculture or fishing.
Additionally, simulation showed that the hydropower stations in Mekong would adversely affect the
population of Tonle Sap much more than climate change.

Spiegelberg et al. [27] investigated the WEF relationships between upstream farmers and
downstream fishermen at Dampalit sub-watershed of Laguna Lake, Philippines. By surveying 176
households and utilizing a socio-ecological network, it was found that there are different livelihood
profiles for the two groups, while there are no direct social links between them. Water-food links can
be found in the usage of surface water for irrigation of agroforestry and groundwater for the
production of food.

Yang et al. [28] researched on the land and water requirements for biofuel, differentiated by
feedstock of maize, cassava, sugarcane, sugar beets, sweet potato, rapeseeds, and soybean, which are
produced in China. Utilizing the water footprint concept and developing a similar method for land
footprint, results vary from the minimum sugarcane (1.47 m3/L water footprint, 1.9 m?/L land
footprint) to the maximum soybean (15.63 m3L water footprint, 28.40 m?/L land footprint).
Furthermore, 3.5% to 4% of the country’s annual maize production is consumed for the biofuel
production.

Karatayev et al. [29] presented key elements required to implement nexus-based resource
management in Kazakhstan by identifying linkages between water resources, energy production,
and agriculture. By understanding key WEF areas, such as water use in generating capacities,
transboundary river water changes, and energy types, it was learned that, if current practices of the
energy system remain the same, there would be significant water stress. Challenges highlighted were
that the country is experiencing rapid population and economic growth as well as inefficient
infrastructure and resource management, which results in high water losses.

1.5. Techniques to Measure WEF

This subsection presents the techniques and literature review to measure and assess the WEF
nexus. There exist a number of works, performed by Semertzidis [30], Keairns [31], Endo et al. [32],
and Albrecht et al. [33], where methods of measuring and assessing WEF nexus have been reviewed.

Semertzidis [30] reviewed the suitability of adapting the energy systems modelling tool for
resource nexus type research, such as the WEF nexus. Semertzidis divided the models into two
categories, namely top-down and bottom-up. Top-down models include econometric models,
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computable general equilibrium (CGE) models, input-output models, and SD models. Bottom-up
models include optimization models, simulation models, partial equilibrium models, and multi-
agent models. Subsequently, Semertzidis suggested the possibility of addressing the resource nexus
by using modelling tools such as OSeMOSYS (Open Source Energy System Model), MARKAL/TIMES
(Market Allocation/The Integrated MARKAL EFOM System), LEAP (Long-range Energy
Alternatives Planning), GTAP (Global Trade Analysis Project), DynEMo (Dynamic Energy Model),
POLES (Prospective Outlook on Long-term Energy Systems), PRIMES (Price-Induced Market
Equilibrium System), and E3ME (Econometric Energy-Environment-Economy Model).

Endo et al. [32] created teams to identify research problems and determine or create new
methods to assess the WEF nexus. Table 1 shows the classified methods, as created, in two main
categories known as the qualitative and the quantitative categories. Questionnaire surveys is
promising in terms of gathering pertinent information on the inter-relationships of different nexus
resources. Ontology engineering is capable of creating a knowledge base that computers can directly
add metadata. Integrated maps can support implementation of synthesized policies between the land
and the sea, on top of being capable of restoring and maintaining their interdependence. Physical
models simulate reality systems using mathematical formalization of the system’s physical
properties. Benefit-cost analysis facilitates a comparison its economic benefits for an environmentally
related project with its economic costs. Integrated indices allow for quantitative description and
operationalization of any system, regardless of complexity. Optimization management models
provide a method to optimize allocation of resources that is linked to many other resources that may
also cross physical, political, and administrative boundaries.

Table 1. WEF methodology and taxonomy as adopted from Endo et al. [32].

Type of Data Interdisciplinary Research Approaches
Transdisciplina
X Methods i Lo i . i ry Research
Primary  Secondary . Visualization Evaluation Simulation
Unification Approaches
Qualitative Methods
J J Questionnaire J J J B N
Surveys
- - Ontology J J J J J
Engineering
Int ted
J J niegrate J J J J J
Maps
Quantitative Methods
Physical
v - Models v v v v v
J J Benefit-C.ost J J J B N
Analysis
Int ted
J J fregrate J J J J J
Indices
Optimization
V v Management YV v v v v
Models

2. Materials and Methods

2.1. System Dynamics Modelling Process

Sterman’s [34] modelling process would be adopted and slightly revised for specifications for
the purpose of this research (WEF Nexus), as illustrated in Figure 1.

The modelling process starts out with boundary definition. The term “Problem articulation” has
been used in Sterman’s model where stating the purpose of the model and identifying the problem
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becomes the first step. In the case of this research, this step involves adopting a definition of energy
security such as “The IEA defines energy security as the uninterrupted availability of energy sources
at an affordable price. Energy security has many aspects: long-term energy security mainly deals with
timely investments to supply energy in line with economic developments and environmental needs.
On the other hand, short-term energy security focuses on the ability of the energy system to react
promptly to sudden changes in the supply-demand balance” [35].

The second step is the construction of a causal loop diagram (CLD) and stock and flow diagram
(SFD). The relationships formed in CLD and the structure of SFD are constructed from the variables
identified. However, the CLD and SFD construction remains our hypothesis until it is further tested,
verified, and validated in step 3.

1. Boundary
Definition

5. Scenario and > CLD and SED

Construction

Policy Testing,
Analysis

3. Testing,
4. Simulation Verification and
Validation

Figure 1. System dynamics modelling process.

Steps 3 and 4 are slightly revised from Sterman’s original model in a sense that, for this study,
the author recognizes the need to test, verify, and validate the constructed CLD and SFD before
running simulations of real cases in step 4. This is because the relationships formed between the
identified indices or indicators of WEF sectors, as exhibited in CLD and SFD, should mimic as real as
possible the reality before it is being simulated for real results in step 4.

Step 5 is the final step of the modelling process for which scenarios, policy testing, and analysis
provides suggestion of improvement for the WEF nexus case for the system and in Malaysia.
Although the modelling process has been sequenced from 1 to 5, it is iterative in nature, which means
that, at any one point where it is necessary to move back or move to any one step, it is executed. This
is because new data and understanding can be obtained from subsequent steps, which could inform
a better previous step.

2.2. Interview Process

Since the purpose of the interview is to obtain information that would be useful to the
understanding of the research problem as well as to the construction of the model, the interview
questions are designed with a few purposes in mind such as to understand the status of the energy
sector in Malaysia to understand how the energy sector relates to the WEF nexus in Malaysia, and to
consolidate Malaysia’s WEF CLD constructed. Table 2 shows the list of key stakeholder interviews
conducted, alongside their institutions and sectors involved.

Table 2. List of interviews conducted.

Institution/Organization Key Stakeholders Interviewed Sector

Economic Planning Unit (EPU) (E1) Principal Assistant Director Energy
Economic Planning Unit (EPU) (E2) Special Officer from TNB Energy
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3. System Dynamics Models

3.1. Causal Loop Diagrams

Figure 2 shows a basic loop to determine domestic demand for all three sectors namely water,
energy, and food. The projection of population can be calculated with the reinforcing loop that
population forms with birth, and a balancing loop that it forms with death. Considering the average
resource consumption per capita would be given by a particular value, the total domestic
consumption of resources would increase or decrease in tandem with the change of the country’s

population.
Domestic Usage of
Electricity .
+
* o Birth .
Domestic Consumption
@ of Food .
3 +
Population .
@ \\(
Death .4, Domestic Usage of
‘ Water .

Figure 2. Population as demand loops.

Figure 3 shows four balancing loops that involves electricity type, demand, and tariff for both
domestic and industry. The logic behind the loop is that electricity demand will increase the
electricity tariff due to the higher operational costs of maintaining more generation plants. This model
forms an important junction and interface of the energy sector to other sectors, as energy usage from
other sectors would determine the industrial usage of electricity. The building of new power plants
is driven by the prediction of power generation needs from current usage. However, the magnitude
of whether renewables or non-renewables will cause the tariff to increase in the long run is to be
determined by SFD.

Operational Cost of
Renewable Power Sector

+
Operational Cost of

Non-Renewable Power
Sector \

+ "
*  Domestic @
Electricity Tariff
ke

Non-Renewable Power

Renewable Power Generation Plants .
e A @ L Industrial Usage of
3 Domestic Usage of Electrict
Electricity

Building of
Non-Renewable Power
Building of Renewable Generation

Power Generation :\ Total Need for T
\_/ Power Generation 3

Figure 3. Electric type, demand, and tariff loops.
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Figure 4 shows other dominant factors of the energy sector apart from electricity demand and
tariff i.e., number of non-renewable power plants, power plant operational hours, emissions, and the
need to reduce CO: emissions. The logic in constructing the reinforcing loop of operational hours of
non-renewable and renewable power plants is that the energy service provider could opt to turn
down power plants in the event of the power surplus (as a result from the power needed to forecast
for any particular period). As such, for a constant amount of energy produced and consumed, more
production from a non-renewable power plant could be less needed due to renewables, and vice
versa. The emissions loop in this case acts as a balancing check to prevent indefinite growth of non-
renewable power as compared to renewables. This is because the emissions condition may encourage
environmental policies, which drive the building and use of renewable power plants.

Operational hours of

NOH'RWETVHZ?IG Power Operational hours of

+
N Renewable Power Plant ‘\

+ Renewable Power

Generation Plants

Need to Burn Fossil
Fuels of Power Sector

+

CO2 Emissions due to Non-Renewable Building of
Non-Renewable Power Power Generation Renewable Power

Plants Plants Generation

+ +
Availability of
Fossil Fuel
Building of
+ -
Non lée;zv:tlizrll’owm Need to Reduce Energy

Related CO2 Emissions

Figure 4. Power plant operational hours, fossil fuel mining, and emissions loop.

Figure 5 shows an elaborative water-energy relationship loop. The important links in forming
these two-closed reinforcing loops between water and energy lies in three important variables such
as water withdrawal due to non-renewable power generation, water withdrawal due to renewable
power generation, and power consumption due to water treatment. The water quality is a
contributing factor to the need for water treatment, while power plants are a contributing factor to a
lower water quality. Since power plants require water to cool the power plants, the water treatment
plant requires power to treat the water.
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Water Consumption due fo
4 Non-Renewable Power
Generation.

Power Produced by
Non-Renewable Power
4+ Plantina Year. Water Consumption due
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+

Power Produced by o O
Renewable Power Piant Water Withdrawal due to
ina Year Non-Renewable Power
+ Generation.
+
Water Withdrawal due to
Renewable Power
Generation.
: Operationl hours of
oAl loues of Rencwable Power
'Non-Renewable Power ‘Plant
Plant. s
%
e
Renewable Power
Generation Plants.
Non-Renewable *
Power Generation
Pants.
& Building of
Renewable Power

Generation.

Building of
Non-Renewble Power *
Generation.

+ ‘Total Need for
Power Generation.
>~

. Water Consumed from
. > Local Water Source.
= Water Consumption
due to Power
Generation.

Water Withdrawn + Water Returned to Local
from Local Water - Water Source from Power

% Generation.

Source.

- Water Withdrawal due

to Power Generation.

Size of Water
Distribution Supply
System.

Size and Number of
Water Sewage Treatment g of Water Supply
System Treatment S;
ystem.

Power Consnmpm /

due to Water

Distribution. Power Consumption

due to Water

T‘“"“?owa Consumption due
to Water Supply
Treatmeant.
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Industrial Usage of +
El S due o Water Industry.
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Figure 5. Water-energy relationships.

3.2. Stock and Flow Diagrams

8 of 24

Population forms the primary group where their WEF securities are concerned. While the
population may determine the usage of resources at any particular present time, the stock,
“population in 5 years” has been included in the model to provide a basis of forecast for the initiation
of new land, new generation capacities, and water facilities. The duration of five years has been
selected in alignment with Malaysia national plans, which are usually developed and reviewed once
every five years [36], which shows that the planning is conducted by looking five years in advance
on top of having a long-term plan. The structure in Figure 6a has been seen several times in other

studies [37-41].

The estimation for the total requirement and usage can be performed in the SFD, as shown in
Figure 6b, by multiplying population with a per capita requirement. While energy and water are
rather straightforward in resource identification, food has been broken down into four staple foods
known as rice, wheat, sugar, and livestock. As such, these six variables would be used as one of the
inputs in determining subsequent resource (water, energy, and food) expansions.

Population (ppl)

o biﬁ%ate
Epliyes) ——

fractional birth rate .
(1/year) fractional death rate

(1/year)

Population in 5

birth rate in 5 years Years (pp)

N7

‘ death rate in 5 years
(Ppbyea;)\_/ (ppl/year)

-
Livestock
Requsement per Year o __

% : (kg/year)

death rate

\/'(ppl/.vear)

«
‘Supar Requirement
per Year (ky/yeas) .

{ heat Requiomeet
| / pec Year (kg/year)

. & Rice Requirement
\f - per Year (kp'year)

\ (- \
Population [————a. E \
ey =5 Exctricity \
. Requirement per Year

(cWhvyear)
N

Water lzqu-m(
per Year (L) pecercity Consumpon)|
per

o S Connmon o
Mt |

(Upphyear)
1 n;wlvr-)

lkppp\\v..

/ J
= Water Requirement per /
Yearn § years (Lyear)  / /

’
Becticity Requaemest
- per Year m 5 years.
\ ~ 7 (Whyea)
»
Rico Requsroment per
Xgar in $ years (kg/year)
Wheat Requireaneat per

= Year in § years (kg'yoar)

Sugas Requirement per =
— . Year in 5 yoars (kg'year)

Livestock Requirement ___
por Vearin S yeacs %

(a)

()

Figure 6. (a) Population as drivers of demands and (b) total population demand
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Figure 7 shows a generic SFD for electricity generation capacity, which is the backbone for the
generation of electricity. From the figure, TYPE refers to the different energy type used to generate
electricity. Five non-RE energy types are considered such as gas, coal, oil, diesel, and nuclear as well
as five RE energy types that are considered such as hydro, solar, bio, marine, and wind.

A similar structure is seen from previous works of Ford and Eker et al. [42,43]. The structural
idea has been adapted to suit the case of WEF where variables are further used to calculate important
indicators in the WEF, such as the power produced yearly, the yearly CO: emissions, and the water
used per power produced. In addition, to complete the loop of CLD, installed capacities and
capacities under construction must also be used to consider and calculate the initiation of new power
plants.

The initiation of new capacities is determined by the flow “initiation rate” where it is calculated
from the forecast of future need. Two main stocks exist in this SFD such as the installed capacity and
the capacity under construction. Due to a long construction time, as represented by the variable of
average build time, capacity under construction is necessarily included as a delay element from an
SD point of view. The rate at which the installed capacity decreases is determined by the retirement
rate, which is calculated from knowing the average power plant lifespan.

On determining the total capacity for any energy type, it is important to consider the summation
of both installed capacity and capacity under construction. This is to avoid over initiation of capacity
based on demand projections, and would later be used in the forecast of the capacity requirement.
Capacity under construction is a form of delay, which has to be considered to improve the accuracy
of projection.

TYPE | forecast of.
future need (MW)>

TYPE | Average Plant
Lifespan (year)

Rese(rvd‘e l\ﬁargi.n o TYPE | Capacity TYPE | Installed
m! ;
TVPE [ntationrate | gy | TYPE| online rael  Capacity MW) | TYPE | refirement
(MW/year) (MW/year) rate (MW /year)

/ & TYPE Power
_ TYPE | Average TYPE | Cons. + TYPE | Average produced yearly
initiation time (year)  Installed (MW)  build time (year) (kWh/y)
L TYPE | Efficiency
3

(dmnl)  Average yearly
TYPE | Yearly Energyk__loperatianal hours of
Potential (kWh'y) TYPE (y)

Figure 7. Electricity generation SFD.

Figure 8 shows SFD to calculate the Levelised Cost of Electricity (LCOE), where it is the
theoretically minimum of setting the electricity tariff before losses are incurred. An average LCOE is
calculated by considering the total cost and total electricity generated from all generation types. This
follows the rationale that, if there is only one electricity tariff that the users pay regardless of the
source of electricity, then an average LCOE should be calculated before determining that tariff.
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—>:!\Laﬂr.e | Avg Total

Cost par Year
(YR yaar)
Bic+others | Avg

LCOE (MYREWH)

Wind | Avg LCOE
AIYRAWE)

) \\\-‘ir.c | Ave Totsl

par Year (MYR. yaar)

Solar | Avg LCOE
MYREWE)
o 4 T —waler | Ave Torl Cosl

. pxYex IRy

Hydro | Avg LCOE
AIYRAT

T ———w-Hydro | Avg Total Cost
— TR QLR yaaa\

Gaz | Avg LCOE
YEAEWER) T ——-a Gas | Avz Total Cost

=Y OMRYE)

Total Cost of
Elactricity Genaration
YR vaer)

LCOE

/9 TYREWE)

Ceal | Avg Total Cost

Coal | Avg LCOE — ———" per Yaar (MYR.yesr)
YR /

il | Ave Total Cost
il | Ave LCOE"'/H’J

per Yaar (MYRy:
Di=sel | Avg Total

-./“Mm‘}' 2

Digsel | Aveg LCOE -
Sk Nuclear | Avg Total
(WMYREWE) Cost per Year
YR yem)

Noclear | Avz
LCOE (MYREW

Figure 8. LCOE calculation.

Figure 9 shows the entire sub-model for forecasting generation capacities, which subsequently
lead to the initiation of capacities. In order to determine how much electricity generation capacity to
initiate, the gap of the capacity requirement is calculated from considering the gap of the electricity
requirement per year and the average operational hours of different generation types. An important
decision variable that needs to be considered is the desired renewable penetration. This subsequently
results in a resulting desired non-renewable penetration. The specific forecast for each generation
type is then determined by a further step of deciding the breakdown of the energy type share.
Subsequently, the calculated forecast for each energy type would be used in the energy capacities
SED.
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Marine | RE i Gas | forecast of Gas | Non-RE Share
Share (dmnl) .\f&:rn:nef:ée(c_\a;\t\%f future need MW) of Capacity (dmnl)

: Resulting Desired

Desired RE T .
Wind | RE Share Wind | forecast of Penstration (dma) " Now-RE Penetrzion
T T .
(dmnt) future need MW) - / L. Coal | forecast of Coal | Non-RE Share
RE | Total Capacity Non-RE | Tofal .- future need VW) of Capacity (dmal)
to Initiate (MW) ons. + Capacity to Initiate
-— = Y
Solar | RE Shar: Solar | forecast of ozMW)
) ™ future need (MW)

Oil | forecastof . Ol | Non-RE Share

Effective RE fsture need (MW) of Capacity (dmal)

etrati -
Bio+others | RE o Biomass | forecast of Penstration (dmal)
Share (dmnl) future need MW)

»
Hydro R.E)Shafe » HYDRO | forecast of

el & Diesel | Non-RE Shar
(dmnl future need VW) Diesel | forecast of esel | Non- .

Gap of Capacity future nesd VW) of Capacity (dmnl)
Regquirement (M)

Nuclear | Non-RE

Nuclear | forecast of Share of Capacity
== ¢ 3

future need (MW)

Electricity consumption

per capita per year
£ —w Average ational (kWh'pply)
Hours of RE (by)
h)
Electricity
Requirement per year
Gap of Electricity &Why)
Requirement per year
Average Operational (&Whiy)
Hours of All Capacities
ty)

Average Operational
\b Hours of Non-RE (b'y)

Figure 9. Forecast of generation capacity needs.

Figure 10 shows the SFD to calculate the water used in electricity production. The water used in
electricity production is calculated by computing the amount of electricity generated in a year and
then multiplying it by the amount of water withdrawn per unit of electricity produced. As such, the
size of generation capacity and operational hours are needed for this calculation. The water used per
unit electricity generated varies according to the energy type. While most of the water used in the
power plant are eventually returned to their local source, a small amount may be used up, or termed
as consumed. As such, the fraction of water consumed because of electricity generation is added to
the structure.

TYPE | Installed
Capacity (MW)

4 TYPE Power . TYPE | Frac;m; of

produced yearly Water withdrawn per kWh water returned (1/y)

(kWhiy) of TYPE produced (L/kWh)
) TYPE | Total Water
Average yearly o —= > Consumed due to Power -
operational hours of TYPE | Water Production (L) TYPE | Water
TYPE (b'y) withdrawn yearly (L/y) returned yearly (L/y)

Figure 10. Water for electricity SFD.

Figure 11 shows the relationships between electricity used and activity in the water sector.
Electricity used in the water sector can be found in the stages of water supply treatment, distribution,
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and wastewater treatment. In this case, the energy used in water distribution has been absorbed into
the water supply treatment.

Electricity Used per
Supply Water Treated

Electricity Used per
Supply Water Treated
Yearly (kWh/year)

/ \ Total ElectricityUse per
Year for Water Sector

(kWh/year)

(kWh'L)

/

Electricity Used per
Sewerage Water Treated
Yearly (kWh/year)

Electricity Used per
Sewerage Water Treated
(kWh1L)

Figure 11. Electricity for water.

Figure 12a shows the COze emissions for each energy type while Figure 12b shows the total
emissions for the energy sector. COze emissions for each energy type is calculated by considering the
emissions per unit electricity production and the total production of electricity for each type.
Consequently, the summation of CO:ze emissions is shown in Figure 12b.
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‘Emission per year
—" " (KT/year)

0il | CO2e Emission per
kWh Production
(KT/kWh)
. 0il| CO2e Emission
- VST peryear (KT/year)

Diesel | CO2e Emission
per kWh Production
(KT/kWh)

= Diesel |CO2¢
y——————mEmission per year
(KT/year)

Nuclear | CO2e

Emission per kWh

Production (kT/h) ~———_,Nuclear | CO2e
i Emission per year

_—"  (KT/year)
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per kWh Production

(kT/kWh k ~
) T Hydro|CO2e Coal | CO28 ™~
<HYDROPower ___, Emission per year i LT
pro (KT/year) per e

Bio+others | CO2e
Emission per kWh
Production (KT/kWh)

Solar | CO2e Emission
‘per kWh Production

(KT/kWh) . Solar|CO2e
E _ ,Emissionper year

Wind | CO2e Emission
per kWh Production

<Wind Po

Marine | COZe Emission

per kWh Production

®__ , Emissionper year

(KT/KWh) . Wind|CO2e
e """ (KT/year) io

)il | CO2e Emission —»-

Bio+others | CO2e KT/year)> .~

(KT/year)

(KT/year) Frmsson pe

Emission per year

Marine | CO2e
mission per year
(KT/year) (KT /ye

-
kT/year) T—a Non-RE|CO2e
Emission per Year
(kT/year)
> ™
,

-
Energy Total | CO2e
Emissions per Year

Figure 12. (a) COze emissions for energy types and (b) total energy emissions.

4. Scenarios Design

(a)

(b)

The understanding of WEF nexus in Malaysia can be completed with scenario design and
simulation, where its dynamics can be profoundly studied. Scenario simulation is important because,
just like many sciences, it allows for the prediction of behaviors under different actions. In this case,
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it is also used for uncovering different factors for improving the WEF nexus in Malaysia, which
would, otherwise, be overlooked. This section looks into the design of two energy scenarios before
simulation based on these scenarios are carried out.

4.1. Scenario S1

The first scenario to look at is an energy scenario where varying amounts of renewable energy
penetration as well as energy type are investigated. In alignment with Malaysia’s Eleventh Plan [22],
Malaysia’s response towards millennium development goals (MDG) [44], and goal 7 of the
sustainable development goals (SDG) [45], it is inevitable that RE penetration in the energy sector
must increase in share. This is because, since conventional electricity generation methods using gas,
coal, and oil as fuel input are one of the major contributors to GHG emissions, aggressive initiation
on RE capacities would be a prime candidate for reducing GHG emissions and an increase in
sustainability.

This scenario looks into the aggressive expansion of RE where, if the effective RE penetration of
RE is below the desired RE penetration (input), only RE capacities and none of Non-RE would be
initiated. This means that, at any one time when the RE penetration is not equal to the desired RE
penetration, the model will only build RE capacities, based upon the respective RE share in Table 6.
Four sub-scenarios are analysed namely S1A, S1B, S1C, and S1D where different values of RE
penetration are studied (as a whole and their breakdowns). S1A is set as a control, where there is zero
RE penetration. S1B and S1C are set at 20% RE penetration, where only hydro and solar type RE are
considered. This is because, under Malaysian natural geographical conditions, bio, wind, and marine
type energies are not as favorable as solar and hydro. S1D has been set to assume the very aggressive
scenario of RE penetration, 50%, and assume possible initiation capacities of bio, wind, and marine.
This is to further understand how the dynamics of WEF would behave under extreme assumptions.

The impact of RE penetration on the WEF nexus of Malaysia can be seen from several angle. As
different energy types come with different fixed and operational costs, LCOE would be an important
key indicator to consider in this scenario. Dynamics of water use from different energy types, which
includes water use from conventional energy, are also included. Emissions, which are inseparable
from the energy sector, are also an important indicator.

Tables 3-5 provide the list of relevant constants. Table 6 provides the list of scenario values and
Table 7 provides the list of key indicators.

Table 3. LCOE by type.

Type LCOE (MYR/kWh) Source

Marine 1.80 [46]
Bio + others 0.52 [46]
Wind 0.80 [46]
Solar 0.52 [46]
Hydro 0.24 [46]
Gas 0.26 [46]
Coal 0.28 [46]
Oil 0.48 [47]
Diesel 1.59 [47]
Nuclear 0.36 [46]

Table 4. COze emissions by type.

Type CO:ze (kT/kWh) Source

Marine 0 -
Bio + others 4.50 x 108 [48]
Wind 2.60 x 108 [48]

Solar 8.50 x 10 [48]
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Hydro 2.60 x 108 [48]
Gas 4.99 x 107 [48]
Coal 8.88 x 107 [48]
Oil 7.33 x 107 [48]
Diesel 7.33 x 107 [48]
Nuclear 2.90 x 108 [48]

Table 5. Water withdrawal by type.

Type Water Withdrawal (L/kWh) Source

Marine 0 -

Bio + others 142.5 [4]
Wind 0 [4]
Solar 4 [4]
Hydro 70 [4]
Gas 142.5 [4]
Coal 142.5 [4]
Oil 142.5 [4]
Diesel 142.5 [4]
Nuclear 174.6 [4]

Table 6. Scenario 1 (S1).

Scenario: Energy Scenario—Renewable Energy (51) A B C D
Variable Values Units

Desired RE Penetration 0 02 02 05 dmnl
Hydro|RE Share 0 05 025 025 dmnl
Solar | RE Share 0 05 075 025 dmnl
Bio + others|RE Share 0 O 0 0.2 dmnl
Wind |RE Share 0 O 0 015 dmnl
Marine | RE Share 0 O 0 0.15 dmnl
Table 7. Key indicators for S1.

Key Indicators Units

LCOE MYR/kWh

Energy Total | COze Emissions per Year kT/year

Total Water Withdrawn Yearly due to Electricity Generation L/year

Total Water Consumed due to Electricity Generation L/year

4.2. Scenario S2

Malaysia, which is a member state of Integrated Nuclear Infrastructure Review Missions (INIR)
and recently initiated an infrastructure review led by the International Atomic Energy Agency
(IAEA) [49], always has adoption of nuclear energy in the horizon [50]. Despite the challenges [51],
such as uncertainty of ASEAN countries in adopting nuclear energy due to uncertainty of dealing
with radioactive wastes as well as the economic competitiveness of nuclear energy, and the
postponement of deployment plans [52], it is necessary, important, and interesting to consider the
impacts of nuclear energy penetration upon the WEF nexus in Malaysia.

This scenario considers the four sub-scenarios in which two are without nuclear penetration
(S2A, S2B) and two are with nuclear penetration (52C, 52D). This is to include and look into the
dynamics of expansion of conventional energy without aggressive RE penetration, as described by
stakeholders (E1, E2) as the norm for Malaysia. As such, “desired RE penetration” has been set to 5%
on all four sub-scenarios. In S2B, an equal amount of weightage has been given to gas, coal, oil, and
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diesel. However, in S2C and S2D, oil and diesel have been excluded entirely, as pointed out by the
stakeholders that there are no plans to further expand them. Nuclear penetration has been set to 10%
and 20% in S2C and S2D, respectively, with corresponding equal weightage in gas and coal
adjustments. Similar to the energy scenario in S1, important variables to look at are LCOE, total
emissions per year, and total water withdrawn yearly due to electricity generation. Table 8 provides
the list of scenario values to investigate the same key indicators as S1, which is given in Table 7.

Table 8. Scenario S2.

Scenario: Energy Scenario—Conventional and Nuclear (S2) A B C D

Variable Values Units
Desired RE Penetration 0.05 0.05 0.05 0.05 dmnl
Resulting Desired Non-RE Penetration 095 095 0.95 095 dmnl
Nuclear| Non-RE Share 0 0 0.1 0.2 dmnl
Gas|Non-RE Share 045 025 045 04 dmnl
Coal |Non-RE Share 045 025 045 04 dmnl
OilINon-RE Share 0 025 0 0 dmnl
Diesel INon-RE Share 01 025 0 0 dmnl

5. Results and Discussion

5.1. Scenario S1

Figures 13-17 show the results for scenario S1. Figure 13 show that for S1B, S1C, and S1D, LCOE
would rise steadily, following an S-shaped curve, from approximately MYR 0.27/kWh to MYR 0.35
at 2050. Towards 2050, it is shown that LCOE for complete zero RE penetration would be in-between
S1B and S1C. This is natural since LCOE for solar is higher than for hydro-electric. It can be seen that
S1A, which is the scenario of aggressive RE penetration, displays LCOE that is significantly higher
than other scenarios, reaching MYR 0.46/kWh towards 2050. While the LCOE may double for an
aggressive RE penetration scenario, the selection of RE type plays a major role in determining the
hike in LCOE. As opposed to S1B and S1C that also considers increasing RE share, the significant
difference in the increase of LCOE is contributed by expansions in bio-energy, marine, and wind,
which are difficult under Malaysia’s geographical setting.

COze emissions will be at their highest (S1A) if we continue our current energy scenarios, which
reached 110,000 kTCOze/year in 2050, doubling from the value in 2015. S1B and S1C, moderate RE
penetration scenarios of 20%, are lower at approximately 80,000 kTCO:ze/year. S1D shows the least
COre emissions per year at roughly 50% of business-as-usual, at 60,000 kTCO:e/year in 2050.

Water use per year from electricity generation are given by Figure 15 (withdrawal) and Figure
16 (consumption). The water withdrawal of electricity generation is a yearly value while the water
consumption is the total water consumed up until 2050. It can be seen that water consumption of
electricity generation is a very small amount as compared to its water withdrawal because the total
water consumed up until 2050 is the same as a year of total water withdrawal when comparing
Figures 15 and 16. By continuing the current energy policy plans (S1A), Malaysia would reach 25 TL
of water withdrawal per year due to electricity generation. Moderate RE penetration scenarios (S1B
and S1C) would have a slower rate of increase in water withdrawal to approximately 21 TL/year by
2050. On the contrary, an aggressive RE scenario (S1D) shows the slowest increase in water
withdrawal for electricity generation, which reached only 17 TL/year. Water consumption of
electricity generation follows the decreasing order of S1A, S1B, S1C, and S1D, from approximately 26
TL to 19 TL.

Figure 17 shows water withdrawn per unit of electricity produced measured in L/kWh. If
Malaysia proceeds with the current energy scenario (S1A), the water withdrawal per unit of
electricity produced would increase from approximately 127 L/kWh to 140 L/kWh. By having a
moderate level of RE penetration, i.e., 20%, water withdrawal per electricity produced can be reduced
from 127 L/kWh to approximately 123 L/kWh, as shown by scenarios S1B and S1C. On the extreme
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side, a 50% RE penetration will result in 102 L/kWh water withdrawal per electricity produced in
2050.

From this set of results, it is, thus, a balance between environmental control and socio-economy
considerations. It is, without a doubt, that some level of RE penetration must be present for Malaysia
because Figure 17 shows that water withdrawal per electricity produced will only increase if no
changes are made to the current energy situation while all other levels of RE penetration (20%-50%)
will result in a reduced water withdrawal per electricity produced. However, becoming aggressive
(50%) may not favor the socio-economy side of things since the LCOE will be almost double of the

other scenarios.

LCOE (MYR/KWh)

425

MYR/(h W)
&
B

275

5
2015 2020 2025 2030 2035 2040 2045 2050
Time (Year)
"LCOE MYR.Wh)":S1ID —+—F+—+—+— "LCOE MYR.Wh)":S1B ——3F—3F—35F—
"LCOE MYR.kWh)":S1C —2—2—2—3— "LCOE MYRkWh)" : SIA + 4 4 4

Figure 13. S1—-LCOE.
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Energy Total | CO2e Emissions per Year (kT/year)
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Figure 14. S1—Energy Total |COze emissions per year.
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Figure 15. S1—Total water withdrawn yearly due to electricity generation.
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Total Water Consumed due to Electricity Generation (L)
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Figure 16. 51—Total water consumed due to electricity generation.
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Figure 17. S1—Water withdrawn per electricity produced.

5.2. Scenario S2

Figure 18 shows the LCOE behaviour for scenario S2. Maintaining RE penetration at 5% without
any nuclear power would increase LCOE to MYR 0.35/kWh (52A) and MYR 0.53/kWh (S2B),
respectively. S2B is significantly higher because diesel has a high LCOE. On the other hand, LCOE
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would be maintained at MYR 0.27/kWh if there is nuclear penetration, as depicted by S2C (10%) and
52D (20%). This is consistent with the fact that nuclear energy is considerably cheaper as compared
to other energy types.

Figure 19 shows the CO2e emissions for scenario S2. For COze emissions per year, the projected
values are roughly equal for all four sub-scenarios at 112,000-114,000 kTCOze/year. With nuclear
adoption added to the mix of fossil fuel energies, without the expansion of RE as shown in S1, these
COze emissions are naturally higher. Albeit having very similar values of COze emissions, it is
noticeable that, with the addition of nuclear energy, total COze emissions per year will be somewhat
reduced.

Water withdrawal and consumption per year for all four sub-scenarios, as shown in Figure 20
and Figure 21, are 24 TL/year, and 24 TL, respectively. These values are higher than when there are
some RE penetration, which was in the range of 17-21 TL/year. The water withdrawn per unit of
electricity produced shows a similar growth rate across all four sub-scenarios until approximately
2045 where they stabilize at approximately 139 L/kWh, as shown in Figure 22. It is natural that a
mixture of fossil fuel energy and nuclear would have a higher value of water withdrawn per unit of
electricity production as compared to a mixture with considerable RE penetration, which is in the
region of 102-127 L/kWh.

Considering the LCOE, COze emissions, and water use in energy production, nuclear energy can
be recommended for adoption into the Malaysian setting. However, beyond these key indicators, the
feasibility of nuclear energy adoption in Malaysia must further be analyzed with other factors,
especially social acceptance and public perception. As pointed out by Misnon et al. [53], while the
public may generally agree on the adoption of nuclear energy, few are well versed with the benefits
of nuclear energy. In addition, risks of nuclear power accidents, such as those experienced by
Fukushima, Japan in 2011 [54], adds upon the complications of nuclear power adoption. On top of
that, there are strong links between nuclear energy and nuclear power [55]. The possibility of nuclear
weapon development, which might provoke wars, has to be well-controlled should nuclear energy
be adopted. Consequently, the option of deregulating and liberalizing the energy market becomes
more difficult if nuclear power comes into play because it is necessary that a central authority keep
all risks in check.

LCOE (MYR/kWh)

MY R/ kW)
-
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———t—
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"LCOE (MYR/KWh)" : $2D
"LCOE MYRKWh)" : S2C

2025 2030 2035 2040

Time (Year)

2045

2050

"LCOE (MYR/kWh)": S2B

"LCOE MYR/KWh)" : S2A

Figure 18. 52—LCOE.
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Energy Total | CO2e Emissions per Year (kT/year)
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Figure 19. S2—Energy Total |COze emissions per year.
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Figure 20. 5S2—Total water withdrawn due to electricity generation.
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Total Water Consumed due to Electricity Generation (L)
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Figure 21. 52—Total water consumed due to electricity generation.
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Figure 22. 52—Water withdrawn per unit of electricity produced.

6. Conclusions

While it is undeniable that RE penetration is, in general, good for the energy sector and the
overall energy outlook for a country, this fact remains relative and debatable for Malaysia because of
its geographical and climatic conditions. A reasonable RE penetration of 20%, as shown by the results
of scenario S1, shows that, not only will LCOE remain at acceptable levels, but also water usage,
withdrawals, and consumption as well as COze emissions will be reduced. As such, a policy
recommendation stemming from results of Sl is that Malaysia should implement a target RE
penetration of approximately 20% set to be achieved within the near future, which is well-aligned
with the SDG goal 7 target 7.2 that aims to substantially increase global RE share.
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Nuclear power plays an important role because of its high power density, low running costs,
and low COze emissions. On top of that, the alternative replacement i.e., renewable energy, may not
be sufficient to account for the entire country’s energy demand largely due to their relatively lower
energy efficiencies. This is because the nation cannot afford to over expand its RE share when the
costs are still high since doing so would effect a prohibitive LCOE. As such, from the results of S2, a
recommended policy for Malaysia is to implement necessary research into the adoption of nuclear
energy since this coincides well with the SDG goal 7 target 7.1, which outlines the need to ensure
accessibility to affordable and modern energy services.
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