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Abstract
Sole dependence on diesel energy has imposed a wide array of problems upon the operation of off-grid power systems in
Northern Canada. Hybrid Renewable Energy Systems (HRES) have been vehemently emerging as a feasible alternative to the
existing diesel-based generation facilities. To maximize the intended benefits, proper component selection, optimum sizing of the
grid configuration and performance evaluation in the economic, environmental and reliability paradigms become decisive steps
in their designing process. This paper presents a HOMER software-based gird optimization study to optimally retrofit a remote
off-grid power system in Northern Canada. Topologies like Battery-Diesel, PV-Diesel and PV-Diesel-Battery were assessed
under different scenarios to find the optimum retrofit for a primarily diesel-based generation facility. Results reveal the compe-
tence of PV-Diesel-Battery topology at high renewable penetration levels in achieving the envisioned benefits. Around a
renewable penetration level of 21%, fuel savings up to 22% is achievable along with 0–0.5% reductions in Levelized cost of
electricity compared to the existing diesel-based power system. While diversifying the energy mix, the PV-Diesel-Battery
topology considerably curbs the environmental degradation caused by the diesel-only operation and ensures the reliability,
availability and security of the power supply.
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Introduction

Growing fuel prices and the adverse effects of increased carbon
footprint have shifted the energy policies to favor more envi-
ronmentally healthy approaches. Such energy policies have
created an expansion in sustainable energy practices all around
the world [29, 33]. However, most of the Canadian off-grid
power systems still rely on diesel as their primary energy re-
source. Socio-economic growth of these territories has been
impeded by several economic, environmental and social con-
straints arising from the high reliance on diesel energy [2, 18,

19, 29, 33]. Adverse environmental impacts caused by these
carbon dependent generation facilities along with the increased
energy costs pose the most immediate problems [19, 32].

Sustainable energy production is the process where the
energy needs of the present is met without compromising
the needs of the future. Governments have established
Renewable Energy Portfolios that call for certain amount of
electrical energy to be produced from renewables which are
environmentally safe, abundant and naturally replenished
[20]. In this context, Hybrid Renewable Energy Systems
(HRES) incorporating locally available renewable energy
sources and energy storage have emerged as perfect candi-
dates to compete with the conventional fossil fuel generation
[2, 4, 14, 24–26, 28, 33, 36, 39, 40]. High penetration of
renewable energy sources is expected to reduce, optimize or
replace fossil fuel generation while increasing carbon free
generation capacity. Many off-grid communities have
attempted to incorporate renewable energy sources like small
hydro, solar, wind and biomass to their existing generation
mix [2, 4, 14, 21, 24–26, 28, 33, 36, 39, 40]. Several success-
fully commissioned utility scale hybrid power systems within
Canada are reported in [2, 4, 32].
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In deploying HRES, optimization of the power system con-
figuration becomes vital for the success of the project.
Determination of the optimum configuration dwells upon sev-
eral factors. Among them randomized nature of renewable
sources, climatic conditions, variations in load profile, non-
linear response of system components, cost of equipment, cost
of resources, potential environmental risks etc. have made it a
challenging task to assess and optimize the performance of
HRES. There are different techniques employed throughout
the academic literature for the optimization of HRES based
power generation for off-grid applications. These methodolo-
gies can be categorised into probabilistic, analytical, iterative
and hybridmethods asmore deliberately discussed in [24, 36].

Many examples of optimization of HRES for different do-
mains including off-grid power systems, shipboard power sys-
tems, residential nanogrids, etc. can be found in recent litera-
ture. In [22] the optimum shipboard HRES design has been
realized with varying hourly loads considering five operating
conditions. The impact of ship swing to the optimum design of
solar penetrated HRES is discussed in [42] whereas a life
cycle assessment for a HRES in Roll-on/Roll-off cargo ship
is presented in [23]. Integration of HRES to residential build-
ings has offered an ample opportunities to enhance the energy
access and to reduce the adverse effects of climate change [31,
38]. With the increasing attention given to smart grid concept,
smart home nanogrids deploying HRES have come under
close scrutiny [43, 44]. In [43] a novel optimization frame-
work deploying convex programming is developed to obtain
the optimal battery sizing of a smart home to maximize the
economic benefits while meeting the home consumption. The
use of convex programming has enabled the authors to opti-
mize bothmanagement strategy and parameters without solely
focusing on controls. The same convex programming ap-
proach has been utilized in [44] to optimally size a smart home
nanogrid including a plugin electric vehicle load.

Simulation tools developed for a variety of applications
facilitate rapid evaluation of design options for both off-grid
and grid-connected power systems [24]. Among them, Hybrid
Optimization Model for Electric Renewables (HOMER) has
come under scrutiny as an effective tool. HOMER as a simu-
lation platform appears repeatedly in academic literature
confirming its competence in handling large set of variables
associated with design, optimization and performance evalu-
ation of HRES [4, 14, 24, 25, 28, 33, 36, 39, 40].

A brief review of optimization studies directly targeting
Canadian off-grid diesel-based power systems is given here
to support the methodology deployed in this study and to
provide a source of comparison. In [4] authors have deter-
mined the optimum configuration for two hypothetical system
designs subjecting an off-grid power system in Brochet,
Manitoba. The optimum configuration has been determined
by assessing their performance in three main criteria; “high
electrical reliability, least cost and low environmental impact”.

A “wind reduced-sized-diesel and battery” HRES has been
recommended as a suitable retrofit to the existing diesel gen-
erating station. A grid optimization study for a wind-diesel-
battery hybrid system for an off-grid community in Sandy-
Lake, Ontario can be found in [33]. Several scenarios have
been covered with varying renewable fractions. Results have
revealed that the increase of renewable fraction would cause
the cost of electricity to increase while significantly decreas-
ing the emission levels with respect to the existing diesel-
based system. Authors in [21] presents a pre-feasibility study
focusing on a stand-alone hybrid systems in ST. John’s, New-
Foundland. While concluding the economic infeasibility of
solar energy integration into the standalone systems in ST.
John’s, authors emphasize that with potential future reduction
in fuel cell cost, wind-diesel-battery-fuel cell systems could
reach a more favorable position among the design options. In
[28], an optimization study for grid configuration and
dispatching has been conducted for a remote microgrid in
Northern Ontario. The overall results draw a conclusion that
integration of renewable generators and storage methods into
the existing diesel-system with optimum dispatch order would
result in a more environmentally and economically friendly
electric power solution. A feasibility study conducted
targeting the impact of wind-diesel hybrid power systems on
remote communities of Aupaluk, Kuujjuaq and Salluit in
Northern Quebec is presented in [14]. Optimization results
confirms the applicability of incorporating a wind-diesel-
storage based system to reduce high emission and cost factors
associatedwith the current diesel-based stations. These studies
have evaluated economic performance in terms of Net Present
Cost (NPC) or the Levelized Cost of Electricity (LCOE), and
do not point a clear conclusion on the general economic fea-
sibility of HRES in Canada. Therefore, further techno-
economic studies would help better understand the viability
of supplying isolated communities using HRES. Almost all
published studies have assumed zero load growth and con-
stant diesel price over the project life, and in coming to these
conclusions, used a pre-selected energy storage type.

The objective of this study is to determine the optimum
power system configuration for a typical remote off-grid com-
munity in Northern Canada while incorporating diesel, photo-
voltaic and battery energy storage as candidate energy op-
tions. HOMER energy platform is used as the preferred sim-
ulation tool. The optimization process was carried out for
several HRES scenarios with varying levels of renewable pen-
etration. The performance of the optimized configurations was
evaluated and compared with the existing power system per-
formance in terms of economic feasibility, reliability and en-
vironmental aspects.

The contributions of this paper primarily arise from the
nature of the selected study site as well as the conducted study
approach. The considered off-grid settlement in Northern
Manitoba is completely isolated and land access is possible
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only via winter roads and limited to a few months in the year.
The location experience sub-zero temperatures for most part
of the year, and therefore reliability and availability of power
supply is critical to the survival of inhabitants. The reliability
requirement introduces constraints such as the minimum num-
ber of diesel units while weather and accessibility constraints
limit the technology options for energy storage. So, the study
incorporates unique site-specific characteristics. Also, in this
study, HOMER Multiyear module [13] was appropriately
configured to account for the variations in load and fuel prices
over the project lifetime, distinguishing from most previous
studies. Additionally, a preliminary battery selection process

was applied to find the best battery technology to suit the site-
specific weather and accessibility constraints. Finally, eco-
nomic analysis included additional indices such as Internal
Rate of Return (IRR) and Return on Investment (ROI) in
addition to the traditionally used Net Present Cost (NPC) or
the Levelized Cost of Electricity (LCOE).

The rest of the paper is organised as follows. "Load and
Resource Assessment" section presents the site background
and resource assessments. "System Set-Up and Modelling"
section describes the conducted system modelling procedures
and system setup. "Optimization and Assessment" section
presents implemented optimization methodology and adopted

Fig. 1 Daily load profile

Fig. 2 Global solar irradiation
level



assessment criteria. "Results and Discussion" section presents
the results and discussion whereas "Conclusion" section con-
cludes the paper.

Load and Resource Assessment

Site Background

The off-grid community considered in this study is locat-
ed in Northern Manitoba. In this region the annual aver-
age temperature falls below −5 °C. This remote commu-
nity is only accessible using small aircrafts, except when
the winter roads are in operation. As the winter roads
operate only for one or two months in a year, supplies
for the entire year is transported and stored during this
period. The electrical power system incorporates a stand-
alone diesel generating facility isolated from the transmis-
sion grid. To ensure high reliability, million of litres of
diesel are being shipped to these Northern communities
every year [5, 26]. Transportation of diesel is mostly done
over winter roads which is costly and hazardous to both
people and environment. Moreover, diesel storage facili-
ties deployed in these settlements are susceptible to fuel
tank leaks which can cause significant environmental
damage by contaminating soil and groundwater. The
highest impact to the environment is caused through the
burning of large amount of diesel which contributes sig-
nificantly to greenhouse gas emissions [4, 18].

Due to several implications associated with diesel
based electric production, the energy requirement of this
off-grid power system often gets compromised and most

of the time gets subjected to electric load restrictions.
Power supply is often limited to lighting and appliances
minimising the options for space heating [4, 26].
Moreover, emergencies like interruptions to the diesel
supply chains and unexpected blackouts can increase en-
ergy insecurity while risking the survival of the whole
community, especially during extreme cold weather con-
ditions that constantly prevails in the Northern parts of
Canada [4].

Extension of grid transmission lines can be one energy
alternative. Typically, the transmission and distribution up-
grades are available in larger capacity increments and under-
taking such massive construction would be cost prohibitive in
relation to the prevailing lower demand, high-priced man
power, rugged terrain and harsh weather conditions. Also,
eventual replacement of the diesel stations through grid ener-
gy obtained via long transmission lines could provide energy
needs of these communities. But it would come with in-
creased losses and reduced reliability [4, 33].

Electrical Load Analysis

The load profile of this power system was constructed
after carefully monitoring actual power generation log da-
ta as well as the seasonal and diurnal variations prevailing
in the Northern off-grid power systems. This approach
allows the users to accurately capture the load variations
including the effects of losses. Winter season depicts an
elevated demand in comparison to summer. The daily en-
ergy demand is higher in the evening with respect to the
morning hours. The constructed load profiles for the win-
ter and summer seasons are given in Fig. 1.

The annual demand of this community is around 2600MWh
and the average load is around 300 kW. With respect to a
conducted cumulative load analysis, 60% of the load lies within
the 100–300 kW region for the base year. The electric load
profiles give no traces on the exiting heating/cooling loads
due to the prevailing restrictions to use electricity for space
heating/cooling applications. Often, this energy requirement is

Table 1 Generator fuel consumption data

Generator (kW) F0 (L/h/kWrated) F1 (L/h/kWoutput)

800 0.0263 0.2141

400 0.0271 0.2439

Table 2 Elementary indexes for “Efficiency”

VLA VRLA NiCd NaS Li-
ion

VRB Na-NiCl Total %

VLA 0.5 0.5 0 0 0.5 0 1.5 25

VRLA 0.5 0.5 0 0 0.5 0 1.5 25

NiCd 0.5 0.5 0 0 0.5 0 1.5 25

NaS 1 1 1 0 1 0 4 67

Li-ion 1 1 1 1 1 1 6 100

VRB 0.5 0.5 0.5 0 0 0 1.5 25

Na-NiCl 1 1 1 1 0 1 5 83
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met either through wooden or oil furnaces [4]. So, assuming no
change in supply current projections for annual load growth
was assumed to be around 2% for this community [26].

Resource Analysis

The subjected community is gifted in several ways to optimal-
ly retrofit the diesel generation facility using renewable energy
solutions such as solar, wind, bio-mass, bio-diesel and hydro.
To have a precipitated advancement in carbon-free generation
capacity a renewable energy option with relatively low capital
cost and small regulatory as well as construction timeframe is
necessary. However, several constraints have made some of
these renewable sources to be opted out in the preliminary
screening stages. Small hydro projects normally take up to
3–4 years to be operable in these regions and showcases high
capital cost. Irrespective of the existing high wind regime,
these rugged terrains offer high resistance to the transportation
of wind turbine blades and has a construction period of nearly
1–2 years [26]. Bio-mass based thermal generation was opted
out due to challenges associated with maintenance and insuf-
ficient local feedstocks. In addition, due to the conserved na-
ture of this Northern settlement, a local bio-mass extraction in
a higher scale could cause high social resistance. Bio-diesel
based energy production also showcased few challenges to be
implemented in these territories. The prevailing cold weather
conditions and the inherent physical characteristics of bio-
diesel prohibits the use of higher blends and increases the

degradation of fuel in long-term storage. Furthermore, the lack
of ski l led manpower has adversely affected the
abovementioned renewable energy projects.

However, with less idle capacity along with relatively
low maintenance and ease of capacity addition, solar pho-
tovoltaic based power production emerged as a better en-
ergy solution for this remote territory. Solar irradiance
data was obtained through the NASA surface meteorology
and solar energy database. The monthly averaged daily
global solar irradiation levels for this site is shown in
Fig. 2 along with the average clearness index for each
month. The annual average daily ground horizontal irra-
diance for this site was estimated to be around 3 kWh/m2/
day. With the prevailing low ambient temperature levels
and high irradiance levels, this site would be substantially
good for solar power generation; specially in summer.

System Set-Up and Modelling

Equipment

Diesel Generators

The diesel generators were modelled with a minimum load
ratio of 30% of the rated capacity. In a diesel generator, the
amount of fuel consumed to produce electric power can be
deduced by its fuel curve. So, the fuel curve of each generator

Fig. 3 Overall performance
indexes as found from the
preliminary battery selection
process

Table 3 Weighting factors
Weighting factor (%) Selection criteria

10 efficiency, temperature tolerance, cycling lifetime, cost,
operational flexibility, maintenance requirements, faster response

7.5 environmental impact, calendar lifetime

5 energy density, self-discharge rate

2.5 weight, commercial availability and maturity
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was modelled as a straight line with a y-intercept. For constant
speed internal combustion generators, a straight-line fuel
curve is an accurate approximation [39]. The generator fuel
consumption rate was modelled using

F ¼ F0 � Ygen þ F1 � Pgen ð1Þ

where F is the generator fuel consumption rate in (L/h), F0 is the
fuel curve intercept co-efficient in (L/h/kWrated), F1 is the fuel
curve slope in (L/h/kWoutput), Ygen is the rated capacity of the
generator (kW) and Pgen is the electrical output of the generator
in current time step (kW). The values of F0 and F1 used in the
study are given in Table 1 as specified in the HOMER database.
The heat recovery effect was not considered in this study.
Regarding diesel fuel properties, a lower heating value of 43.2
MJ/kg was taken. The carbon content and the sulfur content of
the fuel was taken as 88% and 0.4% respectively.

Solar-PV

The PV array was modeled considering CanadianSolar mod-
ules having a nominal max power of 280 W, as an example.
CanadianSolar is a leading solar panel manufacturer in
Canada and their modules have been used in many Canadian
solar PV projects. It is possible to consider any other PV
module in the analysis, the differences in the performance
and cost would be reflected in the results. The solar collectors
were assumed to be mounted at a fixed tilt and azimuth. To
obtain increased amount of uniform radiation throughout the
year, the tilt angle of the collectors was set to be equal to that
of the local latitude (580). Also, to maximize the daily solar
radiation on the collectors, they were assumed to be facing the
equator making the collector azimuth angle 0° and thereby

facing South [27]. A derating factor of 90% and a ground
reflectance of 80% was applied. The derating factor accounts
for the reduction in the rated power output caused by real-
world operating conditions (i.e. soiling of the panels, wiring
losses, shading, snow cover, aging etc.). Ground reflectance is
the fraction of reflected solar radiation to that incident on the
ground. The effect on ambient temperature on the solar PV
output was also considered. To model the solar PV generation
the data downloaded from the NASA surface meteorology
and solar energy database was used. Based on the latitude
information of the given site, HOMER introduces the clear-
ness indexes for each time step to calculate the solar radiation
incident on the PVarray. The solar array output in the current
time step is calculated using

Ppv ¼ Ypv � Fpv � Gt
Gtstc

� 1þ αp Tc−Tcstcð Þ
� � ð2Þ

where YPV is the rated capacity of the PVarray (kW), FPV is the
PV derating factor (%), Gt is the incident solar irradiance in
current time step (kW/m2),Gtstc is the incident solar irradiance
in standard test condition (1 kW/m2), αp is the temperature
coefficient of power (%/°C), Tc is the PV cell temperature in
current time step (°C) and Tc_stc is the PV cell temperature in
standard test conditions (25 °C) [12, 27].

Converter

A bidirectional converter was configured to control the power
flow between AC and DC components. Converter size was
specified as the inverter capacity. The rectifier capacity was set
to be 90% of the inverter capacity, allowing both inverter and
rectifier to be optimized as a single decision variable. The
inversion and rectification efficiencies were taken as 96%
and 94% respectively [33].

Table 5 Cost of components
Lifetime Capital cost Replacement cost O&M cost

Diesel generator 90,000 h 0 CAD/kW 2500 CAD/kW 60 CAD/h

Solar Array 25 years 6000 CAD/kW 6000 CAD/kW 25 CAD/year

Converter 15 years 1000 CAD/kW 1000 CAD/kW –

Battery 30 years calendar life

6000 cycle life @ 100% DOD

7000CAD/battery 7000CAD/battery 10 CAD/year

Table 4 Battery specifications

Chemistry Li-ion

Nominal Voltage (V) 80.9

Nominal Capacity (kWh) 7.6

Nominal Capacity (Ah) 94

Roundtrip efficiency (%) 90

Maximum Charge Current (A) 47

Maximum Discharge Current (A) 47

Table 6 Operating reserve definition

Operating reserve component Percentage (%)

Load from the current time step demand 10

Load from annual peak demand 5

Load from current time step solar Output 40
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Battery Storage

Among the available energy storage methods, electrochemical/
battery energy storage is the most matured and widely adopted
technology for power system applications with many installa-
tions across countries [45]. The available battery storage chem-
istries possess different operational and business-related charac-
teristics which glosses over a wide range of parameters. Thus,
the identification of the best suited battery technology is imper-
ative in determining the optimum power system configuration
and maximizing the envisioned benefits.

A preliminary battery selection process was carried out to
find the best suited technology for the Northern off-grid power
system conditions following a broadly-based literature survey
reviewing academic publications as well as grey literature
consisting of papers and reports published by research laborato-
ries, consultancy agencies and industry specialists. The energy
storage selection method discussed in [16] was extended to
seven potential battery technologies including Lead acid
(Vented (VLA) and Valve Regulated (VRLA)), Nickel
Cadmium (NiCd), Sodium Sulfur (NaS), Lithium ion (Li-ion),
Sodium Nickle Chloride (Na-NiCl)) and Vanadium Redox
(VRB). The relative performance of the considered battery tech-
nologies was assessed under thirteen high impact battery storage
selection criteria namely; (1) efficiency, (2) calendar lifetime, (3)
environmental impact, (4) cost, (5) energy density, (6) self-
discharge rate, (7) cycling life, (8) operational flexibility, (9)
temperature tolerance, (10) commercial availability and maturi-
ty, (11) maintenance requirements, (12) weight and (13) re-
sponse time. In order to quantify the relative performance under
a given criteria, an elementary index value, which indicates how
well a battery technology performs relative to all the other con-
sidered technologies, is assigned. Table 2 illustrates an example
assignment of elementary indices for the selection criterion
“Efficiency”. The performance of a battery technology in a par-
ticular row gets evaluated with respect to the battery technolo-
gies found in each column. For each comparison a value of
either 0, 0.5 or 1 was assigned relative to the one it is compared
with. If the associated performance is worse, “0” was given
whereas “0.5” and “1” was allocated for equal and better per-
formances respectively, based on the information collected from
the broad-based literature survey. Thirteen similar tables were
constructed considering each of the different criteria.

When evaluating the relative suitability of technologies for
a given application, a weighting factor (in the range of 0–10%)
is assigned to each of the thirteen criteria, considering their
importance to the considered HRES applications [1, 9].
Pertaining to the isolated placement of these settlements, in-
adequacy of operating and maintaining personnel and extreme
cold weather conditions, the reliability and availability of the
system becomes substantially important. Also, its operation
must be highly efficient, and the capital and maintenance cost
of the systems should be minimum to yield maximum benefits
over its life cycle [35]. Thus, criteria like efficiency, tempera-
ture tolerance, cycling lifetime, cost, operational flexibility,
maintenance requirements, faster response were given high
weightage. The weighting factors used in this study are given
in Table 3 and were mostly based on engineering judgement.

Finally, an overall performance index was defined for each
candidate battery technology based on their obtainedweighted
average performance using [16, 17]

Overall Indexb ¼ ∑13
i¼1ElementaryIndexb

i �WeightingFactori ð3Þ
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where Overall _ Indexb is the overall performance index for
the battery type “b”, ElementaryIndexb

i is the elementary in-
dex of battery type “b” under the ith criterion and
WeightingFactori is the assigned weightage of criterion “i”.
Based on the overall result, Li-ion batteries showed the
highest relative performance to be deployed in the hybrid
power systems in the North as shown in Fig. 3.

The overall result of the preliminary battery selection can
be validated through the growing body of literature highlight-
ing the potential of Li-ion battery technology in boosting the
performance of renewable energy systems [8, 11, 30, 37].
Since its commercial introduction by Sony in the early
1990s, Li-ion batteries have shown rapid advancements in
high energy density, efficiency, deep cycle ability, safety and
long cycle life [8, 15, 30]. Currently they are manufactured
using graphite anodes and lithium metal oxide cathodes such
as layered LiNixCoyMnzO2 (NMC), LiMn2O4, LiFePO4 and
Li4Ti5O12 [7]. For off-grid photovoltaic applications, high cy-
cling life, no memory effect, lower maintenance, low self-
discharge rates and minimized operational constraints have
become the figures of merit for Li-ion over the other available
battery storage technologies [7, 8]. Still, Li-ion batteries are
subjected to high capital costs, which is a significant concern
when deploying them in a standalone power system [3, 8].
However, driven by research and development, the appealing
features of Li-ion batteries have been improving continuously
and price reductions are also expected in the future [37]. In
addition, with the growth of parallel sectors like the automo-
bile industry, researchers believe that Li-ion batteries will be
more affordable due to mass production and would get fully
adopted to renewable energy systems [8, 11].

HOMER models the battery bank as a collection of batte-
ries that can store fixed amount of DC electricity at a fixed
round trip efficiency. The control decision of supplying AC
load and operating reserve from the storage depends on its
current discharge capacity and the capacity and efficiency of
the converter [10]. A method to determine the number of
batteries required to coarsely initialize the search space can
be found in [25, 39]. The specifications for the selected battery
are given in Table 4.

Fig. 5 Power system configurations

Fig. 6 Energy production for the Base case



Project Economics

This study uses a project lifetime of 20 years. Canadian Dollar
(CAD) is used as the currency for all cost figures. A nominal
discount rate of 6% and an expected inflation rate of 2% was
considered [4, 26, 33, 41]. The landed fuel prices in Northern
remote off-grid areas are estimated to be higher than that of
elsewhere in Canada. In this study landed cost of diesel was
taken as 1.1 CAD/litre subjected to a fuel price escalation rate
of 1% [4, 33]. This is the wholesale market (rack) price inclusive
of the diesel transportation costs. The federal government of
Canada has proposed a carbon tax to each province that would
start at $10 a tonne in 2018 and rise to $50 per tonne by 2022.
However, provinces like Manitoba have thoroughly opposed
this carbon tax increase proposing their own flat rate. This de-
cision was well justified through their cleaner electricity system
with massive hydro power investments [6]. In this study, a pen-
alty cost of 25 CAD/ton was imposed on the CO2 emissions.
This approach allows the GHG emissions and renewable pene-
tration to be indirectly accounted in the optimization process.

The three main cost figures of each system component and
their lifetimes can be found in Table 5. All costs were care-
fully determined through analysing HOMER database,
contacting suppliers, reviewing contemporary academic liter-
ature and analysing industrial reports and presentations.
Capital cost is the total installed cost of the component at
the beginning of its lifetime. This mainly includes cost in-
curred for permits, purchasing, installation and labor. As the
existing diesel generators require no capital investment, their
capital cost was taken as zero [10, 39]. Given the remoteness
of the considered site, the installation and labour costs for PV,
converter and battery are significantly high compared to other
parts of Canada. The replacement cost is incurred at the end
of a component life time. Operation and maintenance cost
accounts for the costs associated with operating and

maintaining a specific component and excludes the fuel cost.
HOMER calculates fuel cost separately.

Control and Constraints

HOMER models two main dispatch methods; load-following
(LF) and cycle-charging (CC). Under cycle charging, both
generators and renewable sources are committed to charge
the battery bank whereas under the load following strategy
only renewable sources are committed to charge the battery
bank [10]. To enhance the system reliability despite the vari-
abilities in load and supply, an operating reserve was defined
as a safety margin as given in Table 6 . A constraint was used
on the annual capacity shortage to eliminate the configurations
with capacity shortages more than 0.01%.

HOMER does not model electrical transients and other
dynamic effects which requires a very small time-step. This
study uses an hourly time step to adequately capture the im-
portant statistical aspects prevailing in the load and intermit-
tent sources. This time step also serves in reducing the com-
putational burden of the optimization task [10].

Optimization and Assessment

HOMER Optimization

HOMER uses the Net Present Cost (NPC) to represent the life
cycle cost associated with the projected system operation.
NPC is calculated by discounting the future cash flows into
a single lump sum in year-zero. HOMER takes NPC as the
basic assessment criteria in its optimization algorithm.
Optimization involves the determination of the best compo-
nent mix, size and quantity of each component and the pref-
erable dispatch strategy. HOMER grid search algorithm is
shown in Fig. 4 where; NPCn is the NPC of the nth system
and NPCopm is the NPC of the last recorded optimum system
[39]. This optimization process undertakes all the possible
grid configurations derived from a user-defined set of decision
variable values (search space). By simulating all derived sys-
tem configurations, it determines the optimum system that
meets the electric loads and operating reserve while satisfying
the user-specified constraints at the lowest NPC [10, 39].

Table 7 Search space for Battery-Diesel case

Component Scenario 1

Diesel Generators 800 kW With or without 800 kW

400 kW With or without 400 kW

Battery 10–200 units, 10 units steps

Converter 25–450 kW, 25 kW steps

Table 8 Optimum Battery-Diesel system estimated by HOMER

Component Scenario 1

Diesel Generators 800 kW 800 kW

400 kW 400 kW

Battery (units) 10

Converter (kW) 25

Table 9 Economic analysis of Battery-Diesel case

Base Case Battery-Diesel

LCOE (CAD/kWh) 0.5146 0.5165

NPC (CAD) 21,314,090 21,393,270

ROI (%) – −2.6
IRR (%) – n/a

Simple payback time (yr) – n/a
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HOMER by default runs the simulation for the first year and
then extrapolates the results over the rest of the project lifetime.
However, in this study HOMER Multiyear module was used to
account for the load growth and fuel price escalation. So, the
simulation was carried out for every year in the project lifetime
while accounting for the year by year percentage change in load
and fuel price. Through this approach the important temporal
variations in these parameters were incorporated in the final result
improving its credibility at the cost of increased simulation time.

Assessment Criteria

Economic Assessment

The financial viability of the optimized systems will be eval-
uated using both intrinsic and extrinsic parameters. Intrinsic
parameters like NPC and Levelized cost of electricity (LCOE)
assess the project independent of other energy alternatives.
LCOE is derived using Eq. 4. A more detailed description of
these economic indices and their involvement in assessing
distributed energy projects can be found in [27].

LCOE ¼
Levelized annual cost

CAD
yr

� �

Levelized annual electric load served
kWh
yr

� � ð4Þ

Due to complexity associated with structure, longevity of
operation and cash flows, the economic assessment of

distributed energy projects are advised to incorporate extrinsic
parameters to arrive at viable conclusions [27]. Extrinsic eco-
nomic parameters like Return on Investment (ROI), Internal
Rate of Return (IRR) and Simple pack back time measure the
associate performance between a given system and a
predefined base case system. Payback time relates to the pe-
riod of time at which the cumulative cash flows of the differ-
ence between current and base system switches from a nega-
tive to a positive value. It gives a measure of time that takes to
recover the investment cost in relation to a reference.

IRR is determined by calculating the discount rate for
which the difference between the net present costs of the
two systems become zero. ROI calculates the yearly cost sav-
ings relative to the base case system. Both IRR and ROI are
proven economic measures for distributed energy projects and
allows the energy investment to be directly compared with the
return that might be obtained form the base-case diesel only
system [27].

However, for the extrinsic economic parameters to make
sense, the selected base case system should have a compara-
tively lower initial capital value and a higher operating cost
than the selected system. Violation of this criteria would not
result any answers (“N/A”) in the HOMER economic
comparisons.

Reliability Assessment

Unmet electric load and the capacity shortage was taken as the
main criteria to assess the reliability of the optimised systems.
Unmet electric load provides information on the load that
went unserved due to insufficient generation. Capacity short-
age is an indication of the system’s inability to support the
required operating capacity, including load and the user-
defined operating reserve.

Environmental Assessment

Environmental assessment mainly incorporated an emission
analysis. The renewable fraction of the system given by Eq.
5 was also observed.

Table 10 Search space for PV-
Diesel case Component Scenario 1 Scenario 2 Scenario 3

Diesel Generators 800 kW With or without
800 kW

With or without
800 kW

With or without
800 kW

400 kW With or without
400 kW

With or without
400 kW

With or without
400 kW

Solar PV 25–200 kW

25 kW steps

200 kW – 400 kW

25 kW steps

400 kW – 700 kW

25 kW steps

Converter 25–250 kW

25 kW steps

150 kW – 450 kW

25 kW steps

350 kW – 750 kW

25 kW steps

Dispatch LF or CC LF or CC LF or CC

Table 11 Optimum PV-Diesel systems estimated by HOMER

Component Scenario 1 Scenario 2 Scenario 3

Diesel Generators 800 kW 800 kW 800 kW 800 kW

400 kW 400 kW 400 kW 400 kW

Solar PV (kW) 25 200 400

Converter (kW) 25 150 350

Dispatch CC CC LF

Renewable fraction (%) 0.929 7.76 14.7
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Renewable fraction ¼ 1−
Enonren

Eserved
ð5Þ

Where Enonren is the non-renewable electrical energy produc-
tion (kWh) and Eserved is the electricity load served (kWh).

Results and Discussion

First the existing Diesel-only system was analysed and
benchmarked to serve as a reference case as shown in Fig. 5a.
In the study that follows, it was expected to find the best hybrid
renewable retrofit for the existing power system to enhance its
economic and environmental performance while maintaining a
high reliability. Three hypothetical electrical system designs
were investigated namely; 1) Battery-diesel, 2) PV-Diesel and
3) PV-Diesel-Battery as shown in Fig. 5b-d respectively.

Base-Case Diesel-Only System

Due to concerns regarding reliability of supply and future load
growth, the diesel generators deployed in most of the diesel-
based communities are oversized and the total installed capacity
is much higher than the daily average load. This study uses two
diesel generators (800 kWand 400 kW) operating in parallel for
the base case scenario. An additional 400 kW generator re-
mains stand by, to be used in case one of the generators fails
since the delivery of spare parts and repair crews could take

time. The operation of the two diesel generators was configured
in “optimized” mode in HOMER. In this mode, HOMER de-
cides the optimum schedule of operation to obtain least cost.
Results confirmed the high reliability associated with the
existing system, which is an essential attribute for the energy
security of these off-grid settlements. There were no capacity
shortages and unmet electric loads during the project lifetime.
According to Fig. 6, during the initial phase of the project most
of the load demand is adequately met by the 400 kW generator.
During this period the 800 kW generator will remain oversized
and will be operated in lower ranges of its capacity to meet the
load demand. This results in reduced efficiency and causes high
fuel consumption [4]. However, this oversized scenario prevails
for a small part of the project duration and as the load increases
subjected to a 2% load growth, 800 kW generator takes over
most of energy production. The mean electric efficiency is
accounted to be 35.6% and 38.5% for 400 kW and 800 kW
generator respectively.

Even though this system guarantees high reliability the
increased reliance on diesel-based electricity production will
impose several constraints on the economic and environmen-
tal performance of this power system if the diesel-only oper-
ation were to be continued in the future. This system is sub-
jected to a high LCOE of 0.5146 CAD/kWhmainly due to the
increasing price of diesel prevailing in this region. Also, the
conducted environmental analysis revealed considerably high
amounts of emissions associated with its operation. The con-
ducted emission analysis will be presented and compared with
other candidate configurations in the following sections.

Table 12 Economic analysis of
PV-Diesel case Base Case Scenario 1 Scenario 2 Scenario 3

LCOE (CAD/kWh) 0.5146 0.5158 0.5235 0.5468

NPC (CAD) 21,314,090 21,364,520 21,684,360 22,649,110

ROI (%) – 0.4 0.5 −1.1
IRR (%) – 1.9 0.9 n/a

Simple payback time (yr) – 18.03 18.16 18.87

Table 13 Search space for PV-
Diesel-Battery case Component Scenario 1 Scenario 2 Scenario 3

Diesel Generators 800 kW With or without
800 kW

With or without
800 kW

With or without
800 kW

400 kW With or without
400 kW

With or without
400 kW

With or without
400 kW

Solar PV 0–200 kW

25 kW steps

200 kW – 400 kW

25 kW steps

400 kW – 700 kW

25 kW steps

Converter 0–200 kW

25 kW steps

150 kW – 450 kW

25 kW steps

350 kW – 750 kW

25 kW steps

Battery 0–50 units

10 units/step

0–150 units

10 units/step

0–200 units

10 units/step

Dispatch LF or CC LF or CC LF or CC
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Battery-Diesel Case

This section assesses the viability of using battery storage to
solely optimize the operation of the subjected off-grid diesel
facility. HOMER optimization was carried out for the decision
variables given in Table 7 and the obtained optimized system
is shown in Table 8.

According to Table 8, the optimized sizes of the battery and
the converter got saturated at the lower limit of the search space.
So, the sole addition of batteries to the current system would
certainly become a poor investment choice as suggested by the
economic indices in Table 9. Considering the poor associate
economic performance to the base case system, battery-diesel
configuration was opted out from further analysis.

PV-Diesel Case

HOMER optimization was carried out for gradually increas-
ing solar penetration levels under three defined scenarios. The
deployed decision variables for each scenario is given in
Table 10 and the obtained optimized configurations are shown
in Table 11.

The optimised systems were located at the lower bound of
the defined search spaces for all three scenarios. Even though
Scenario 1 and Scenario 2 of PV-Diesel case showcased better
performance relative to the Battery-Diesel case, they accounted
for high economic costs with respect to the base operation.

With increasing renewable penetration levels, the associate
performance of this hybrid topology further got deteriorated as
presented in Table 12. It was also observed that in high

penetration levels this investment results in lower operating
costs than the base case system. However, those reductions
were inadequate to recover the high capital costs associated
with PV installation. Thus, this topology was also considered
unsatisfactory in achieving the stated objectives.

PV-Diesel-Battery Case

The three scenarios defined in the PV-Diesel case were consid-
ered again with the addition of storage. The incorporated
search-space for each scenario is given in Table 13 and the
results for the optimum system configurations are presented
in Table 14.

For Scenario 1, the optimum PV array and converter size
was located near the lower limit of the given search space.
Even with the addition of storage only a small benefit was
achieved within this penetration level. PV arrays were opti-
mally sized around the upper limit for Scenario 2 and in the
middle range for Scenario 3. The battery storage also showed
an elevated usage. Converter sizes were optimally located at
higher values to facilitate the battery operation as well as the
increased solar penetration. So, at increased penetration levels,
when integrated with storage, the lower operating costs asso-
ciated with renewables have gained the maximum advantage
when deciding the optimum system configuration. Converter
size has also played a decisive task by facilitating the bi-
directional energy transfer occurring between AC/DC buses.

As presented in Table 15, PV-Diesel-Battery topology has
performed considerably well in the economic paradigm among
the suggested topologies. Scenario 1 gave improved LCOE and
NPC compared to PV-Diesel case. However, extrinsic econom-
ic parameters suggested no enhancement of associate perfor-
mance compared to the base case. When increasing the pene-
tration level and storage capacity, the PV-Diesel-Battery topol-
ogy gained gradual enhancement in its associate economic per-
formance with the base-case. Among the three scenarios,
Scenario 3 accounted for the lowest LCOEwith 0.5% reduction
to that of the diesel-only operation. Conducted technology as-
sessments for the diesel generators, solar PVand battery storage
are presented in Tables 16, 17 and 18 respectively.

In low PV penetration levels, the LF dispatch strategy was
selected to be more economical. So, the battery storage was
mainly deployed in optimizing the solar PV penetration by

Table 14 Optimum system configuration as estimated by HOMER

Component Scenario 1 Scenario 2 Scenario 3

Diesel Generators 800 kW 800 kW 800 kW 800 kW

400 kW 400 kW 400 kW 400 kW

Solar PV (kW) 25 400 625

Converter (kW) 25 450 600

Battery 10 units
(76 kWh)

110 units
(836 kWh)

120 units
(912 kWh)

Dispatch LF CC CC

Renewable fraction (%) 0.936 13.4 20.84

Table 15 Economic analysis for
PV-Diesel-Battery case Base Case Scenario 1 Scenario 2 Scenario 3

LCOE (CAD/kWh) 0.5146 0.5158 0.5235 0.5121

NPC (CAD) 21,314,090 21,364,520 21,682,110 21,212,200

Return on investment (%) – 0.4 1.8 2.8

IRR (%) – 1.9 2.9 4.1

Simple payback time (yr) – 18.03 18.5 16
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increasing the co-relation between the load and the intermit-
tent source. CC dispatch strategy was selected for the last two
scenarios where both renewable generation and the diesel gen-
erators were used to charge the batteries. While extracting the
excess renewable capacity, this control strategy forced the
diesel generators to operate near their optimum efficiency.
This is evidently shown by the gradual increase of mean elec-
tric efficiencies of the diesel generators in Table 16. Figure 7
shows the impact of solar PV and battery integration on the
annual diesel electricity production for Scenario 3. With PV
and battery integration, 400 kW generator gained the major
share of energy delivery as opposed to the variations seen in
Base case (Fig. 6). This further guarantees the optimum oper-
ation of the diesel generators given the prevailing lower de-
mand. The associated environmental benefits of high renew-
able penetration and optimized diesel operation is evident
from the emission analysis given in Table 19 for the 20 years
project lifetime. As estimated by HOMER model, the gradual
reduction of greenhouse gas emissions in each scenario com-
pared to the Base-Case operation heightens the environmental
performance associated with the PV-Diesel-Battery topology.

Based on the overall analysis it was observed that with
topologies like PV-Diesel and Diesel-Battery the envisioned
benefits of HRES could not be maximized for this off-grid
power system. However, PV-Diesel-Battery topology as sug-
gested in Scenario 3 would be a favourable retrofit to the
existing diesel-facility. For a renewable fraction of 21%, ex-
pected fuel savings are estimated to be around 22% with re-
spect to the existing configuration. Figure 8 shows a compar-
ison of CO2 emissions between Base case and Scenario 3
throughout the project lifetime.

It must be noted that this optimization process was primarily
driven as a cost problem and externalities like environmental and
legislative regulations were not directly accounted other than the
carbon penalty price. It also excludes costs incurred due to spill-
age and emissions during the fuel transportation as well as soil
and ground-water contamination occurring inside diesel storage
facilities. In a study done in 1996 [34], it was estimated that the
cost of environmental degradation (emissions and spills) due to
diesel engine facilities to be $0.80 per litre. In the present context,
a detailed analysis of cost relations to several environmental
impacts is necessary to determine a descriptive environmental
degradation value for the considered diesel facility. Such analysis
is beyond the scope of this paper. However, if those indirect costs
were to be accounted, the actual performance of the proposed
HRES configuration would be much greater than that deter-
mined through this analysis. Also, with projected cost reductions
in solar PV arrays, batteries and converters, incorporation of
renewable alternatives in off-grid power systems will gain in-
creased momentum.

The proven benefits of hybrid power systems can be further
evaluated if the optimization process incorporated scenarios
with increasing renewable penetration and decreasing fossil
fuel-based generation. However, this will eventually cause
concerns regarding the energy security of the community.
Also, increasing levels of renewable penetration into smaller
and weaker off-grid systems can induce power system stabil-
ity violations. However, the optimization of the grid configu-
ration does not solely indicate that the selected system would
perfectly match the expectations of the power system planner.
Thus, the optimization step must be followed with series of
steady state and transient stability analysis to confirm whether

Table 16 Technology assessment
of diesel generators for 20 years Diesel Generators Base Case Scenario 1 Scenario 2 Scenario 3

Energy production (kWh) 400 kW 20,267,925 20,515,388 39,963,909 35,046,194

800 kW 41,859,861 40,990,873 13,863,217 14,194,059

Fuel Consumption

(Litres)

400 kW 5,785,709 5,860,016 10,921,679 9,517,239

800 kW 11,010,922 10,797,688 3,532,328 3,577,926

Capacity Factor

(%)

400 kW 28.92 29.27 57.02 50

800 kW 29.86 29.24 9.89 10.12

Mean electrical efficiency (%) 400 kW 35.62 35.60 37.18 37.42

800 kW 38.50 38.44 39.89 40.43

Table 17 Technology assessment of Solar PV for 20 years

Solar - PV Scenario 1 Scenario 2 Scenario 3

Rated capacity (kW) 25 400 625

Energy production (kWh) 645,352 10,325,645 16,133,820

Capacity factor (%) 14.7 14.7 14.7

PV penetration (%) 1.05 16.85 26.33

Table 18 Technology assessment of battery storage for 20 years

Battery Scenario 1 Scenario 2 Scenario 3

No of units 10 110 120

Nominal capacity (kWh) 76 836 912

Throughput (kWh) 4377 8,598,825 10,305,986

Autonomy (hrs) 0.217 2.4 2.6
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the selected optimum system meets the standard grid codes
and the stability criteria [26].

Conclusion

This paper presents an optimization study and a techno eco-
nomic analysis conducted based on a hypothetical off-grid
power system in Northern Canada. Battery-Diesel, PV-
Diesel and PV-Diesel-Battery configurations were examined
to find the optimum retrofit for the current diesel-based facil-
ity, while incorporating gradually increasing renewable pene-
tration scenarios for the latter two types. The screening pro-
cess that considered thirteen impact factors concluded that Li-
ion batteries to be the best battery type for this application.
HOMER software platform was used to carry out the analysis
and optimization with some user intervention to incorporate
the load growth and diesel fuel price escalation.

Initial analysis showed that Diesel-Battery only and Diesel-
PV only configurations do not provide satisfactory return on
investment and environmental performance. In contrast,

significant maximization of environmental benefits was iden-
tified at high solar penetration levels and increased battery and
converter capacities in the PV-Diesel-Battery case. When the
renewable fraction is increased to 21%, fuel savings around
22% could be achieved. Under this scenario, the LCOE
remained comparable to the base case despite high capital
investments. Extrinsic economic indices assessing the eco-
nomic performance of the selected HRES related to the base
case system also predicted positive return, although at some-
what lower rates. This observation is primarily influenced by
the elevated capital costs associated with renewable integra-
tion at the selected remote location. This inherent feature pre-
vailing in the Northern off-grid power systems makes it con-
siderably hard to economically compete with the existing die-
sel generation at low renewable penetration levels; and lowers
the economic benefits achievable at high penetration levels.

Although the cost of producing electricity is deemed to be
the fundamental attribute of energy planning, the results ob-
tained through this study must be analysed within the scope of
economic, environmental, reliability, energy security and leg-
islative aspects to arrive at more realistic rationale. When all

Table 19 Emission analysis for
20 years Emission Category Annual Emissions (kg for 20 years)

Base-case Proposed PV-Diesel-Battery Hybrid System

Scenario 1 Scenario 2 Scenario 3

Carbon Dioxide 44,396,579 44,029,367 38,204,595 34,612,925

Carbon Monoxide 27,091 26,867 23,313 21,121

Unburned Hydrocarbons 774 767 666 603

Particulate Matter 2554 2533 2198 1991

Sulfur Dioxide 107,755 106,864 92,727 84,009

Nitrogen Oxides 430,368 426,808 370,345 335,528
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these factors are considered it can be argued that the PV-
Diesel-Battery hybrid topology to be a sound investment
choice for the Northern off-grid power systems. Incidents of
unpredictable weather patterns that hinder the construction
and use of winter roads is becoming more frequent due to
climate change, directly affecting the fuel supply for diesel
generation. Therefore, diversification of the energy mix en-
hances the reliability and energy security of this remote power
system. Pertaining to the historic price trend of fossil fuel
resources, diesel prices have shown a rapid rise whenever
subjected to increased demand, overwhelming resource ex-
traction and transportation issues in these remote off-grid set-
tlements. So, having the option of on-demand renewable pow-
er by means of PVand battery bolster the ability of this power
system to respond towards volatile and unpredictable market
price fluctuations. Also, considering various environmental
costs associated with the operation and maintenance of a die-
sel facility, the precipitated need of integrating renewable gen-
eration get further heightened. Both solar PV and Li-ion bat-
teries are considered environmentally safe and poses no risks
of greenhouse gas emissions. So, adaptation of this HRES
topology would certainly drive this community towards sus-
tainable energy development.
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