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ABSTRACT

Conservation of fossil fuel energy, energy management (peak shaving), energy economic and
pollution of energy sector has been among the recent topics of discussion. This paper
examines possibilities of achieving the said topics through an integrated energy system also
known as distributed energy system (DES) consisting of renewable energy and energy storage
devices. With aim to minimise system cost while abiding to carbon footprint reduction target
and pollutant emissions limit, a mixed integer linear programming model is developed for
optimisation and planning of a DES. Universiti Teknologi Malaysia, in planning to become an
eco-campus, is taken as a case study for this research work. The model reveals that with a
target of 40% carbon footprint reduction and 30 tonne of total nitrogen oxides emissions (in a
year), an annual cost of 5,687,000 $/y is required, achieving a reduction of 17.3%.

Keywords: Distributed energy system (DES); Energy storage (ES); Carbon footprint; Nitrogen
oxides (NOx); Renewable energy (RE); Mixed integer linear programming (MILP)

1. Introduction

Fossil fuels are the main element that drives our
economy today. Unfortunately, our dependency on
the world petroleum and natural gas reserve leads to
energy crisis which subsequently causes increasing
price of daily groceries, fuels and especially electricity
bills, affecting mostly the end users, residential, com-
mercial and industrial users alike. In order to be less
affected by the fluctuating price of global fossil fuels,
users can consider producing power through renew-
able energy (RE) resources incorporated with load

shifting strategy (through energy storage (ES) devices)
for better efficient energy utilisation and management
through a distributed energy generation (DEG) system
[1–4].

In fact, load shifting can solely be implemented on
a grid-connected energy system without local energy
production, to reduce the overall cost of electricity
although increases in energy consumption may be
expected due to compensation of energy losses during
current inversion and charging/discharging of energy
in and out of ES [5]. As for local RE systems, ES
benefits the system by balancing out and distributes
energy produced by intermittent resources such as
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solar and wind energy [6] and increases efficiency of
non-intermittent RE systems such as biomass thermal
system via peak shaving [7]. In all of the above exam-
ples, ES operates by storing energy during off-peak/
high power generation periods and supplies during
peak/low power generation periods. Through these
strategies, a possible reduction in electricity cost can
be expected. Correspondingly, end users may also
decide to select a different tariff rate (for grid electric-
ity) based on improvement done on the load profile
or vice versa where an optimal load profile is sched-
uled based on a specific tariff rate.

Cost, undeniably being the major concern of end
users, is, however, not the only factor that requires
consideration during designing and planning stages
[8,9]. Due to obligation by local governments across
the world to achieve energy sustainability economi-
cally and environmentally, greenhouse gases emission
planning has now become a necessity [10] including
other types of polluting emission such as nitrogen oxi-
des (NOx) and sulphur oxides (SOx) from thermal
power plants [11].

By setting environmental obligation as limits, the
economic feasibility of the aforesaid DEG system and
its extent for cost reduction is studied in this research
work. An optimisation model with the objective func-
tion to minimise annual cost of electricity was devel-
oped for analysis. The model, a mixed integer linear
programming (MILP) model, incorporates several fac-
tors such as weather variation, pollutant emission and
tariff selection to provide insight on optimal system
sizing and scheduling.

2. Literature review

Recently, many deterministic mathematical models
had been developed for DEG system. Among the nota-
ble works are by Ren et al. [12], who presented a
multi-objective linear programming (MOLP) model
showcasing power generation technologies such as
solar PV, fuel cell and gas engine for an eco-campus in
Japan. The study was then extended to incorporate a
larger number of factors such as load profiles, local cli-
mate and utility tariff structure [13]. Gupta et al. [14–
16] on the other hand developed an MILP model for
rural and remote area with aim to minimise system
cost. Another study was carried out by Yun and Li
[17] to optimise a DEG system for a hospital in Tianjin,
China. The model was developed as a mixed integer
nonlinear programming (MINLP) model. Herran and
Nakata [18] introduced a linear programming (LP)
model for DEG system applicable for urban, rural and
remote areas in Colombia, South America. Ho and

Hashim [19] introduced an MILP model for sizing and
scheduling of a DEG system under consideration of
various weather scenarios. Alternatively, Mehleri et al.
(2012) [20] developed an MILP model for designing a
community at a neighbourhood level with objective to
minimised annualised investment cost and annual
operating cost. A study analysing suitability of DEG
system for building complexes in different climate
zone through LP was then carried out by Ren et al.
[21]. Zhou et al. (2012) [22] on the other hand demon-
strated the application of an MILP model to design an
energy system for a typical hotel in Beijing, China.

Based on the “state-of-art” analysis, it can be
concluded that little or no works had considered the
polluting limits of thermal power plant in a DEG
system on system cost. In this work, this factor will be
included and analyse to provide a holistic view on the
sizing and scheduling of a DEG system.

3. Methodology

3.1. Superstructure

The superstructure of the model is shown in
Fig. 1. Based on the figure, energy demands at each
weather, w, and time, t, are met by power generator, i,
the power grid (based on type of tariff), f, and ES, e,
where energy in ES originating from the power gener-
ator, i, and the power grid, f.

3.2. Mathematical formulation

In detail of the optimisation model, the model
represents a MILP model with an objective
function bounded by equality and inequality con-
straints.

Fig. 1. Superstructure of model.
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3.2.1. Objective function

The objective function to minimise total annual cost
of electricity consists of three cost components, annua-
lised investment cost, annual operating cost and annual
power grid electricity as shown in Eq. (1).

CT ¼ CIþ COþ CP ð1Þ

(1) Annualised investment cost

The annualised investment cost (Eq. (2)) consists
of capital cost of each operating unit of a DEG sys-
tem. For ES, power related refers to the maximum
amount of chargeable/dischargeable energy, EPe

while energy related refers to the maximum amount
of storable energy, EEe. Hence, each with its own
cost factor. These costs are factorised by an amor-
tised factor, M.

(2) Annual operating cost

The annual operating cost (Eq. (3)) mostly consists
of fixed and variable operating and maintainance cost
of each operating unit, with an additional cost on
fuel-based power technologies (fuel cost).

(3) Annual power grid electricity cost

The annual power grid electricity cost (Eq. (4))
consists of charges for maximum power usage and
total energy consumption. Both charges depend on a

selected tariff plan. Eq. (5) was derived to avoid non-
linear terms in Eq. (4) [23].

CP ¼
X
f

MDf �MDCf �Mn

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
charge of maximum power usage

þ
X
f

X
w

X
t

Gfwt�TFft�Nw

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
charge of energy consumption

ð4Þ

MDf � Q� xf ð5Þ

3.2.2. Constraint

Equality constraints in this model were defined for
the system scheduling while other inequality
constraint is logical constraint forming boundaries of
the model.

(1) Equality constraint (energy balance)

The model consists of four energy balance equality
constraints. Eq. (6) defines that energy demands are
met by energy produced from power generators, ES,
or energy drawn from the grid. Eq. (7) on the other
hand defines that the total energy produced by each
power generator is supplied to meet load demands or
sent for storage, similarly for Eq. (8), the total energy

drawn from the power grid is supplied to meet load
demands or sent for storage. Eq. (9) refers to the
cumulative energy in the ES, where the cumulative
energy is equal to its cumulative energy at the previ-
ous time interval plus incoming energy from power
generator or the power grid minus outgoing energy to

CI ¼
X
i

Ci � Ti �M�Mn

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
capital cost of power technology

þ
X
e

EPe � TPe �M�Mn

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
power-related cost of ES

þ
X
e

EEe � TEe �M�Mn

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
energy-related cost of ES

þ I � TI �M�Mn|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
capital cost of inverter

ð2Þ

CO ¼
X
i

Ci � Fi

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
fixed cost of power technology

þ
X
e

EPe � Fe

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
fixed cost of ES

þ
X
i

X
w

X
t

Giwt � Vi �Nw

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
variable cost of power technology

þ
X
i

X
w

X
t

Giwt � Pri �Hi �Nw

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
fuel cost of power technology

ð3Þ
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the load with no net energy changes in a day [24,25].
Several energy losses taken into account in this model
include distribution losses, losses during current
inversion, charging losses and discharging losses.

(a) Load demand

Dt ¼
X
i

GLiwt � L� Ifi þ
X
f

GLfwt

þ
X
e

ESewt � L� Ife � dfe 8w; t ð6Þ

(b) Power generator

Giwt ¼ GLiwt þ
X
e

GEiewt 8i;w; t ð7Þ

(c) Power grid

Gfwt ¼ GLfwt þ
X
e

GEfewt 8f;w; t ð8Þ

(d) ES devices

Sewt ¼ Sewt�1 þ
X
i

GEiewt � L� Ifie � cfe þ
X
f

GEfewt

� L� Ife � cfe � ESewt 8e;w; t
ð9Þ

(2) Inequality constraints

The inequality constraint of the model includes ther-
mal power generator capacity and resource constraint,
solar PV capacity constraint, ES power and capacity
constraint, inverter capacity constraint, charging/dis-
charging binary constraint, power grid constraint, tariff
selection binary constraint and emission constraint.
These constraints are explained in detail below.

(a) Thermal power generator capacity and resource
constraint

The thermal power generator is restricted to gener-
ate power above is turn down ratio, TRðthermalÞ and
below its maximum capacity, C(thermal) both con-
straints are shown in Eqs. (10)–(12), on the other hand,
is formulated for biomass power generators restricting
their total consumption of biomass in all biomass
power generators to not exceed the available amount
of biomass resources, R. AlðsolarÞ

GðthermalÞwt 6 CðthermalÞ 8w; t ð10Þ

GðthermalÞwt P CðthermalÞ � TRðthermalÞ 8w; t ð11Þ

X
biomass

X
w

X
t

GðbiomassÞwt �HðbiomassÞ �Nw 6 R ð12Þ

(b) Solar PV capacity constraint
In cases of a solar PV system, energy generation is

based on daily solar radiation, SRwt and the solar PV
module area and efficiency as shown in Eqs. (13) and
(14) indicates that the total installation area, AðsolarÞ of

solar PV panel must be equal or less than the
available space for solar PV installation, Al(solar) with
Eq. (15) as a correlation between the total installed
area of solar PV and its equivalent capacity in
kilowatt-peak (kWp).

GðsolarÞwt ¼ SRwt � sfðsolarÞ � AðsolarÞ 8w; t ð13Þ

AðsolarÞ 6 AlðsolarÞ ð14Þ

CðsolarÞ ¼ AðsolarÞ
WðsolarÞ

ð15Þ

(c) ES power and capacity constraint
Eqs. (16)–(18) are defined generally for all types of

ES. Eq. (16) shows that the cumulative energy, Sewt
has to be equal or less than its energy-related capacity,
EEe (with consideration over its depth of discharge,
DODe). Eqs. (17) and (18) both indicate that the
chargeable and dischargeable power is limited by the
power-related capacity of an ES.

For certain ES systems such as hydro-pump ES
(HPES) and compressed air ES (CAES), as the con-
struction of such a system may require an extremely
huge amount of land space, an additional geographi-
cal constraint shown in Eq. (19) was formulated to
limit its storage size in kWh equivalent (instead of
volume). Users are required to pre-evaluate their
availability in kWh equivalent before application of
this model.

Battery:

Sewt 6 EEe �DODe 8e;w; t ð16Þ

ESewt 6 EPe 8e;w; t ð17Þ

X
i

GEiewt � L� Ifie þ
X
f

GEfewt � L� Ife 6 EPe 8e;w; t

ð18Þ

HPES and CAES:

EEe 6 Ue ð19Þ
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(d) Inverter capacity constraint
Total current which requires inversion at any spe-

cific time interval has to be less or equal to the capac-
ity of the inverter. In addition, as different technology
operates at a different current type, inversion may or
may not be required. A binary parameter, Cu is thus
introduced for each designated flow, where 1 for tech-
nology which requires inversion and 0 otherwise.

X
i

GLiwt � Cui þ
X
i

X
e

GEiewt � Cuie þ
X
f

X
e

� GEfewt � Cue 8w; tþ
X
e

ESewt � Cue 6 I ð20Þ

(e) Charging/discharging binary constraint
In this model, ES is designed to operate in either a

charging state or a discharging state. Eq. (21) shows
the model for ES charging and Eq. (22) for discharg-
ing. Eq. (23), on the other hand, constrains the model
to choose either charging or discharging or not in
operation.

X
i

GEiewt þ
X
f

GEfewt 6 Q� yewt 8e;w; t ð21Þ

ESewt 6 Q� zewt 8e;w; t ð22Þ

yewt þ zewt 6 1 8e;w; t ð23Þ

(f) Power grid constraint
In most cases, electricity is charged based on total

energy consumption and the maximum power
demand in an instance. With maximum power
demand being analogous to capacity of power genera-
tor, Eq. (24) was derived to ensure that withdrawment
of energy from the power grid must not exceed the
maximum power demand.

Gfwt 6 MDf 8f;w; t ð24Þ

(g) Tariff selection binary constraint
Since only one tariff plan is eligible, Eq. (25) was

derived to prevent selection of multiple tariffs.

X
f

xf 6 1 ð25Þ

(h) Emission constraint
RE is considered as carbon neutral technologies,

the only factor contributing to carbon footprint in this
model is through the consumption of energy from the
power grid. As the power grid operates on mixed
energy resources (fossil, clean and RE), a certain
amount of carbon footprint per kWh of consumption

is accounted. In this model, carbon reduction target is
more accurately referred as reduction in carbon
footprints instead of emissions. Eq. (26) represents the
formulation for carbon footprints reduction target.

Among other emissions of major concern are the
NOx and SOx, however, as RE does not emit SOx and
only thermal-based RE generator such as biomass
generates NOx, only NOx emissions are considered in
the formulation. The model for limiting NOx

emissions is shown in Eq. (27).
Carbon footprint reduction target:

X
f

X
w

X
t

Gfwt � CO2 �Nw 6 ECO2 � ð1� RedÞ ð26Þ

NOx emission limit:

X
i

X
w

X
t

Giwt �NOxi �Hi �Nw 6 EN ð27Þ

Apart from the objective function and constraints,
in order to analysis the amount of saving after retrofi-
cation, Eq. (28) was thus derived.

Sav ¼ EBB� CT

EBB

� �
� 100% ð28Þ

4. Case study

Universiti Teknologi Malaysia, UTM had been
paying millions of dollar for electricity. Despite the fact
that UTM is located on a hillside beside a palm oil
plantation in a tropical climate giving it tremendous
access to biomass and solar resources, no initiative had
been presented for implementation of a sustainable
energy system to reduce its annual cost of electricity.
Moreover, as the main research university in the
region of Iskandar Malaysia (emerging low carbon
society in Malaysia), UTM would be a good platform
for the development of RE within the region. The
proposed DEG system for UTM is shown in Fig. 2.

Based on the figure, the proposed energy system is
separated into two buses, alternating current (AC)
and direct current (DC) bus. Three power generators
are recommended for the system, two biomass genera-
tors (utilising empty fruit bunches (EFB) from a
nearby palm oil mill as fuel), biomass bubbling
fluidised bed (BBFB) and biomass combined cycle
(BCC) connected to the AC bus, and a solar PV
system connected to the DC bus.

Two ES devices are recommended for the system,
a HPES (located at hillside) connected to the AC bus
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and sodium sulphur (NaS) battery connected to the
DC bus. The system is connected to a power grid
through the AC bus with demand loads required
energy of AC. At any instance if energy is required to

flow from the AC bus to DC bus or vice versa, it will
have to go pass the inverter where it will be inverted
to its designated current type.

4.1. Data collection

Based on a survey with the Office of Asset and
Development of UTM, several targets and available
area for green energy developments had been identi-
fied. Data collected from the survey includes, carbon
footprint reduction target, NOx emissions limit, avail-
able rooftop area for solar PV system, available land
area for HPES system and the current annual electric-
ity bill. These data are tabulated in Table 1 with other
miscellaneous data. Typical load profile, Dt of UTM is
shown in Fig. 3 while solar radiation, SRwt for typical
weather patterns of clear, cloudy and rainy day in
Malaysia is shown in Fig. 4 [26]. Estimated days of
occurrence for each weather pattern, Nw, in a year are
70 days for clear weather, 245 days for cloudy weather
and remaining 50days for rainy weather [26]. Lastly,

Table 1
Miscellaneous data of DEG system

System information

Distribution network efficiency, L 95 %

Economic information

Current annual electricity billa, EBB 6,880,000 $/y

Amortised factor for a yearb, M 0.00665 –

Solar PV [27]

Available area, AlðsolarÞ 10,000 m2

Surface area required for 1 kWp installation, WðsolarÞ 8 m2/kWp

Module efficiency, sfðsolarÞ 15 %

Biomass [28]

Empty Fruit Bunch (EFB) availability, R 3,726 TJ/y

Turn down ratio, TRi 50 %

Energy storage

Available capacity for HPESc, UðHPESÞ 15,000 kWh

Emission constraints

Grid carbon factor, CO2 [29] 0.635 Tonne/MWh

Present annual carbon footprint, ECO2 36,000 Tonne/y

Reduction target, Red 40 %

BBFB NOx emission, NOxBBFB [30] 0.0344 Tonne/TJ

BCC NOx emission, NOxBCC [30] 0.0232 Tonne/TJ

NOx emission limit, EN 30 Tonne/y

aTNB commercial tariff rate, currently utilising Tariff C1 [31]. bInterest rate of 7% paid monthly over 30 years period. cEstimated at net

head of 80m, efficiency of 70%, flow of 27.5 m3/s (total of 100,000m3/h).

Fig. 2. Configuration of DEG system of UTM.
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the cost of power generators, ES, inverter and tariff
rates of the local power provider, Tenaga National
Berhad (TNB) is tabulated in Table 2.

5. Results and discussion

The MILP model was programmed into the Gen-
eral Algebraic Modelling System (GAMS) software
and via CPLEX 12 solver, the model reveals that in
order to comply with 40% carbon footprint reduction
and limitation of 30 tonne of NOx emissions a year, a
grid-connected DEG system consisting of at least a
BBFB generator of 5,982 kW, solar PV of 1,250 kW,
HPES with energy-related capacity of 15,000 kWh and
power-related capacity of 1,679 kW, NaS ES with
energy-related capacity of 1,069 kWh and power-
related capacity of 575 kW, and inverter of 1,125 kW is
required. Based on the results, the system will operate
with a maximum power demand of 2,512 kW from the
power grid via TNB commercial C1 tariff.

Among the RE technologies considered for UTM,
solar PV is selected as it does not emit any form of
pollutants. However, due to limited rooftop areas,
BBFB generator is selected in addition to solar PV to

provide sufficient RE to meet carbon footprint reduc-
tion of 40%. BCC generator is not selected as it is rela-
tively more expensive than the other two choices. As
for ES, both technologies are selected. C1 tariff is
selected over C2 tariff solely due to the fact that the
maximum power demand rate for C1 tariff is lower
than that of C2 tariff. Based on Fig. 5 (energy from
generator, the power grid or ES to load) and Fig. 6
(energy from generator or the power grid to ES), it
can be clearly seen that electricity from the power grid
is needed during peak periods. With both tariff hav-
ing the same rate during peak periods, there is abso-
lutely no advantage in selecting C2 which have lower
rate during off-peak periods. The summary of results
is shown in Table 3.

Fig. 5 shows the energy of various generators, the
power grid and various ES supplied to meet load
demands at clear, cloudy and rainy day. Fig. 6 on the
other hand shows the energy of various generators
generated for storage in various ES.

From the results, generally, energy is supplied by
BBFB generator with contribution from the power
grid, solar PV and ES during peak periods. Energy
generated from BBFB generator is also stored during
off-peak periods as shown in Fig. 6. The results indi-
cate that BBFB is the main power producer in the
DEG system. BBFB power generator operates similarly
across all three weather patterns.

Comparing between three weather patterns, solar
PV supplies a larger portion of energy during clear
day when solar radiation is found abundant. Some
excess solar energy is also being stored (Fig. 6). On
the contrary, the power grid contributes a larger por-
tion of required energy at rainy days rather than at
clear or cloudy days.

ES on the other hand, a peak shaving/load shifting
device operates by storing energy during off-peak
periods to supply during peak periods. A clear illus-
tration of a shaved load profile can be seen in Fig. 5
(rainy day) where the top portion (shaved portion) of
load demands is supplied by the ES. In support of the
argument, Fig. 7 shows the total energy content in
both ES on different weather patterns which generally
support the statement that energy is stored during off-
peak periods. The charging/discharging trend of the
ES is similar for each weather conditions.

Economically, with the grid-connected DEG sys-
tem working as a platform for integration, synergy
between the operating units resulted in total reduction
of 17.3% on the annual cost of electricity. The total
annual cost of the proposed system is 5,687,000 $/y
(annualised investment cost of 2,171,000 $/y, annual
O&M cost of 2,585,000 $/y, and annual electricity bill
of 931,000 $/y), a reduction of 1,193,000 $/y. The

Fig. 3. Load profile of UTM.

Fig. 4. Solar radiations for clear, cloudy and rainy day in
Malaysia [26].
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recommended DEG system is therefore significant to
UTM as it does not only reduce the cost of energy but
also able to achieve a substantial reduction in carbon

footprint while limiting polluttant (NOx) emission,
making the system economically and environmentally
sound.

Fig. 5. Energy of various operating units supplied to meet load demands at different weather patterns.

Table 2
Cost and parameter of operating units

Power generator [30]

Capital cost,

Ti ($/kW)
Fixed O&M cost,

Fi ($/kW.y)
Variable O&M cost,

Vi ($/kWh.y)
Heat rate,

Hi (GJ/kWh)
Fuel price,

Pri [32]($/GJ)
BBFB 3860 100.50 0.005 0.01424 2.26

BCC 7894 338.79 0.01664 0.01303 2.26

PV [27] 800 16.7 – – –

Energy storage [33]

Energy-related cost,

TEe ($/kWh)
Power-related cost,

TPe ($/kW)
Fixed O&M cost,

Fe ($/kW.y)
Charging, cfe /
discharging,
dfe efficiency (%)

Depth of
discharge, DODe (%)

NaS 288 173 23 92.2/92.2 80

HPES 10 1000 2.5 92/89 80

Inverter

Capital cost, TI ($/kW) Inverter efficiency, If (%)
Inverter 775 90

Tariff [31]

Max demand ratea, MDCf ($/kW.
month)

Electricity ratea, TFft ($/kWh)
Off-peak rate 10 pm – 8 am Peak rate 8 am – 10 pm

C1 7.77 0.104 0.104

C2 12.87 0.064 0.104

a10% discounted rate.

Fig. 6. Energy of various power generators generated for storage in various ES devices.
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5.1. Sensitivity analysis

In order to study the impacts of the decision vari-
ables (carbon footprint reduction target and NOx

emissions limit) on the objective function, two sensi-
tivity analyses were performed. The first sensitivity
analysis involves the study of NOx emissions limit
reduction on the annual cost of electricity, while the
second analysis is conducted to study the effects of
reducing NOx emissions limit on the optimal carbon
footprint reduction.

5.1.1. Total cost

The result of decreasing NOx emissions limit on
the annual cost of electricity at 40% carbon footprint
reduction is shown in Figs. 8 and 9.

Based on Fig. 8, BBFB generator as the sole emitter
of NOx reduces in capacity, solar PV generator main-
tained at a constant capacity (fully utilised its avail-
able rooftop surface area), maximum power demand
of the power grid increases, with decreasing NOx

emissions limit. The annual cost of electricity on the

other hand increases with decreasing NOx emissions
limit, mainly due to reduction in BBFB capacity where
its operation is more economical than withdrawing
energy from the power grid. Referring to Fig. 8, at
10 tonne of NOx emissions limit, in addition to BBFB
power generator, BCC power generator is also
selected. BCC is selected to maintain the portion of RE
mix within the system while producing less NOx, as
BCC generator is relatively cleaner compared to BBFB
generator.

ES capacities on the other hand decreases with
decreasing NOx emission limits. The main reason
behind the reason of ES capacity reduction is due to
increasing power requirement of the power grid. With
increasing maximum power demand of the power
grid (C1 tariff), higher flexibility in energy demand is
made possible reducing the needs of ES for major
peak shaving and load balancing. From Fig. 9, it can
be seen that at NOx emissions limit of 15 tonne/y
onward, HPES is no more required; however, Nas ES

Fig. 8. Impact of reducing NOx emission limit on power
capacity and total annual cost.

Fig. 9. Impact of reducing NOx emission limit on ES
capacities (cases of total cost).

Table 3
Optimised results based on 40% carbon footprint reduction
and 30 tonne of annual NOx emission limit

DEG system

BBFB capacity 5,982 kW

Solar PV capacity 1,250 kW

NaS energy-related capacity 1,069 kWh

NaS power-related capacity 575 kW

HPES energy-related capacity 15,000 kWh

HPES power-related capacity 1,679 kW

Inverter capacity 1,125 kW

Power grid maximum demand 2,512 kW

Tariff C1

Fig. 7. Cumulative energy in ES at different weather.
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is maintained in the system. Beyond the limit of
15 tonne/y of NOx emissions, solar PV became the
main contributor of energy for storage and as solar
PV operates in the DC bus, NaS ES which also oper-
ates in the DC bus became more favourable compare
to HPES which operates in the AC bus.

5.1.2. Carbon footprint reduction

In this analysis, total cost, which is originally the
objective function, is set as a constraint such that the
annual cost of electricity must be equal or less than
the present cost of electricity (the amount UTM is cur-
rently paying). Carbon footprint reduction on the
other hand is modified as the new objective function,
with objective to maximise carbon footprint reduction.
The analysis is performed for NOx emissions limit of
5, 10, 15, 20, 25 and 30 tonne/y. The result of this
analysis is shown in Figs. 10 and 11.

Referring to Fig. 10, carbon footprint reduction
percentage decreases with decreasing NOx emissions
limit, consequence of decreasing capacity of BBFB
generator. In additional to BBFB generator, BCC is
selected in all cases except for the case of 30 tonne/y
of NOx emissions limit. BCC is selected to maintain a
maximal mix of RE in the system while minimising
the amount of NOx produced.

Similar to the earlier sensitivity analysis, ES capaci-
ties decrease with decreasing NOx emissions limit and
at 15 tonne/y of NOx emission and beyond, HPES is
no more required.

6. Conclusion and recommendation

In this research, it shows that it is definitely feasi-
ble for UTM to take up energy management strategies
to reduce its annual electricity bill in addition to

reduction in carbon footprint. With low carbon initia-
tive being profoundly endorsed by the local govern-
ment, this project will definitely be a good start for RE
developments in Iskandar Malaysia region.

The model on the other hand, which is capable of
determining the optimal capacity and configuration of
a system as well as providing optimal schedules for
power utilisation during different weather patterns, is
an important tool for energy engineers and policy-
makers to design and relatively set targets for an
energy system in planning.

Good as it is, the model can yet be further devel-
oped such as to include rain water collection for HPES
system which then can function as a mini hydropower
generator as well as a HPES. Strategy of collecting
rain water is in fact a great option to counter the inter-
mittency of solar PV in location with frequent rain.
Application of this strategy will lead to a greater cost
reduction. When there is no sun, there is rain and vice
versa. Inclusion of this factor into the model thus
represents the future extension of the model.

Symbols

AlðsolarÞ — maximum area for solar PV installation, m2

cfe — ES charging efficiency, %

CO2 — grid CO2 factor, tonne/kWh

Dt — energy demand, kWh

dfe — ES discharging efficiency, %

DODe — ES depth of discharge (battery only); 100%
for other ES technology, %

EBB — present electricity bill, $/y

ECO2 — present carbon footprint, tonne/y

EN — NOx emission limit, tonne/y

Fe — fixed O&M cost of ES, $/kWy

Fi — fixed O&M cost of generator, $/kWy

Hi — heat rate of generator (thermal power
generator only); 1 for other generation
technology, GJ/kWhFig. 10. Impact of reducing NOx emission limit on power

capacity and carbon footprint reduction.

Fig. 11. Impact of reducing NOx emission limit on ES
capacities (cases of carbon footprint reduction).
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Ife — inversion efficiency, from ES to load; 100%
if no inversion is required, %

Ifi — inversion efficiency, from generator to load;
100% if no inversion is required, %

Ifie — inversion efficiency, from generator to ES;
100% if no inversion is required, %

L — distribution network efficient, %

M — amortised factor

MDCf — rate of maximum power usage (grid), $/kW

Mn — number of months in a year

Nw — number of occurring weather in a year, day

NOxi — NOx emission, tonne/kWh

Pri — fuel price (power generator with external
fuel only), $/GJ

Q — a large positive value

R — biomass availability, GJ/y

Red — reduction target

sfðsolarÞ — solar PV module efficiency, %

SRwt — solar radiation, kW/m2

Ti — capital cost of generator, $/kW

TEe — energy-related cost of ES, $/kWh

TFft — tariff rate (grid), $/kWh

TI — capital cost of inverter, $/kW

TPe — power-related cost of ES, $/kW

TRi — turn down ratio (thermal power generator
only)

Ue — maximum storage for HPES/CAES system,
kWh

Vi — variable O&M cost of generator, $/kWh

WðsolarÞ — area required for 1 kWp installation, m2/
kWp

Cue — 1 if requires current inversion from ES to
load; 0 otherwise

Cui — 1 if requires current inversion from
generator to load; 0 otherwise

Cuie — 1 if requires current inversion from
generator to ES; 0 otherwise

CT — total annual cost, $/y

AðsolarÞ — solar PV installation area, m2

Ci — capacity of generator, kW

CI — annualised investment cost, $/y

CO — annual O&M cost, $/y

CP — annual power grid electricity cost, $/y

EEe — ES energy-related capacity, kWh

EPe — ES power-related capacity, kW

ESewt — energy discharge from ES to load, kWh

Gfwt — total energy from grid, kWh

Giwt — total energy generation from generator, kWh

GEfewt — energy from grid to ES, kWh

GEiewt — energy from generator to ES, kWh

GLfwt — energy from grid to load, kWh

GLiwt — energy from generator to load

I — inverter capacity, kWh

MDf — maximum demand required of power grid,
kW

Sav — annual cost saving percentage, %

Sewt — cumulative energy in ES, kWh

xf — tariff selection; 1 if selected, 0 otherwise

yewt — charging of ES; 1 if charge, 0 otherwise

zewt — discharging of ES; 1 if discharge, 0
otherwise

Subscripts

e — energy storage

f — tariff

i — power generator

t — time

w — weather

References

[1] R. Banos, F. Manzano-Agugliaro, F.G. Montoya, C. Gil,
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