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A B S T R A C T

Climate change mitigation by reducing greenhouse gas emissions is one of the major challenges for existing
electric power systems. This study presents a multi-stage joint-probabilistic left-hand-side chance-constrained
fractional programming (MJCFP) approach to help tackle various uncertainties involved in typical electric power
systems and thus facilitate risk-based management for climate change mitigation. The MJCFP approach is
capable of solving ratio optimization problems associated with left-hand-side random information by integrating
multi-stage programming method, joint-probabilistic chance-constrained programming, fractional programming
into a general framework. It can balance dual-objectives of two aspects reflecting system optimal ratio and
analyze many of possible scenarios due to various end-user demand situations during different periods. The
MJCFP approach is implemented and applied to the provincial electric power system of Saskatchewan, Canada
to demonstrate its effectiveness in dealing with the tradeoff between economic development and climate change
mitigation. Potential solutions under various risk levels are obtained to help identify appropriate strategies to
meet different power demands and emission targets to the maximum extent. The results indicate that the MJCFP
approach is effective for regional electric power system planning in support of long-term climate change miti-
gation policies; it can also generate more alternatives through risk-based management, which allows in-depth
analysis of the interrelationships among system efficiency, system profit and system-failure risk.

1. Introduction

Earth's climate is warming owing to anthropogenic emissions of
greenhouse gases (GHGs), particularly from fossil fuel combustion
[1–3]. Almost all energy systems emit GHGs and contribute to climate
change [4–6]. Especially, for electric power systems (EPS), satisfying
the soaring power demand is a critical strategic goal, but it should be
achieved by constructing and upgrading the least economically and
environmentally costly power systems [7]. The global electricity supply
sector accounts for the release to the atmosphere of over 7700 million
tonnes of carbon dioxide annually 2100 Mt C / yr, being 37.5% of total
CO2 emissions [8], and is projected to surpass the 4000 Mt C level by
2020 [9]. A shift towards low-carbon electricity sources has been
shown to be an essential element of climate-change mitigation strate-
gies [10]. Consequently, planning of mitigation and adaptation

strategies to climate change and power demand requires effective re-
gionalized planning and decision-making behavior [11,12].

A great number of complexities exist in electric power system
management [13,14]. The first challenge is to identify a trade-off be-
tween conflicting economic and environmental concerns. Achieving
solutions to environmental problems that we face today requires long-
term potential actions for sustainable development [15]. The second is
associated with uncertainties in the system components and para-
meters. Uncertainties can be derived from related processes and activ-
ities (e.g., exploration/exploitation, conversion/processing, and
supply/demand), human-induced imprecision or fuzziness, such as lack
of available data and biased judgment (or preferences) in assigning
priority factors (weighting levels) to multiple management objectives
[16,17]. The third challenge is the reflection of dynamic characteristics
over the long-term planning horizon. For example, the various
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electricity demands have long challenged electric power systems (EPS)
planners and managers [18]. It is often influenced by many powerful
and unpredictable factors, such as economy, generation technologies,
fuel prices, and relevant policy [18]. Therefore, efficient mathematical
programming techniques for planning EPS management and climate
change mitigation under these complexities are desired.

In past decades, a great number of optimization methods have been
developed for dealing with electric power system management pro-
blems [19–22] and climate change mitigation [23–25], such as fuzzy
programming, stochastic programming and interval mathematical
programming [26]. For example, Zhu et al. [23] developed a full-in-
finite interval-stochastic mixed-integer programming (FIMP) method
for planning carbon emission trading. Hemmati et al. [27] proposed a
constrained nonlinear mixed integer optimization programming for
transmission expansion planning in an electricity market. In these
methods, the use of scenarios to model uncertainties in planning models
has become increasingly popular [28]. For instance, Dayhim et al. [29],
and Kim et al. [30] used a scenario based approach to capture the
uncertainty in our study. The multi-stage stochastic programming
(MSP) method was found to be effective in reflecting uncertainties ex-
pressed as random variables with known probabilities, which permitted
revised decisions at each time stage according to the sequential realized
uncertain issues [31,32]. Therefore, a number of multi-stage stochastic
programming (MSP) methods were developed as extensions of dynamic
stochastic optimization methods to deal with system dynamic features
[33–35]. Although MSP is suitable for solving long-term planning
problems, it is incapable of accounting for the risk of violating joint-
probabilistic constraints within a complicated electric power system
[36]. Improving upon the conventional right-hand-side chance-con-
strained programming, joint-probabilistic left-hand-side chance-con-
strained programming can not only reflect left-hand-side random
variables (the relationship between carbon emissions and power gen-
eration amounts) but also examine the risk of violating the system
constraints [37], especially the risk of high carbon emissions.

However, practical electric power system management and climate
change mitigation activities often relate to multiple economic and en-
vironmental objectives which may be conflicting with each other, and
MSP cannot identify a balanced decision among those conflicting ob-
jectives. Multi-objective programming models are helpful to deal with
these problems, but most of the previous studies simply translated en-
vironmental targets into constraints, where the objective function was
purely economic [38,39]; others assumed that environmental impacts
could be evaluated as costs and thus converted all units into objective
item [21,40,41]. As an effective measure to balance conflicting objec-
tives, fractional programming (FP) may better fit real world problems
by taking the optimization of the ratio between the physical and eco-
nomic quantities into consideration [42]. For example, Zhu et al. [43]
suggested that treating multiple economic and environmental objec-
tives as a least-cost linear programming (LP) frame may not reflect the
complexities of an environmental sustainability perspective. This in-
dicates a fractional programming, as an alternative method for dealing
with multi-objective problems, is practically suitable to achieve desired
solutions related to system efficiency.

Therefore, a multi-stage joint-probabilistic left-hand-side chance-
constrained fractional programming (MJCFP) approach will be pro-
posed in this study to help tackle various uncertainties involved in ty-
pical electric power systems and thus facilitate risk-based management
for climate change mitigation. In detail, fractional programming will be
first incorporated within an MSP framework to address multiobjective
issues. Joint-probabilistic chance-constrained programming will then
be introduced to tackle stochastic problems associated with left-hand
side random variables and reflect the risk of violating system carbon
emission constraints under uncertainty. The MJCFP approach can bal-
ance dual-objectives of two aspects reflecting system optimal ratio and
analyze many of possible scenarios due to various end-user demand
situations during different periods. It thus can help decision-makers

identify the optimal electric power system management strategies and
gain deeper insights into system efficiency, system profit and system-
failure risk under different GHG emission targets. The proposed ap-
proach will be further implemented and applied to the provincial
electric power system of Saskatchewan, Canada to demonstrate its ef-
fectiveness in dealing with the tradeoff between economic development
and climate change mitigation.

2. Saskatchewan electric power system

2.1. Overview

As Saskatchewan's economy and population continue to grow, so
does the need for electricity which takes power to grow. Saskatchewan
electricity sales volumes are expected to increase by 29% over the next
ten years [44]. Provincial load growth forecasts indicate the need for an
additional 5929 GWh over the next decade [44]. The principal electric
utility in Saskatchewan manages a net generating capacity of 3451 MW
that includes hydro (21%), thermal coal (41%), thermal gas (33%), and
wind (5%) by operating three coal-fired power stations, seven hydro-
electric stations, six natural gas stations, and two wind facilities [45].
The system is illustrated in Fig. 1. These energies are consumed by the
residential, farm, commercial, oilfield, power and reseller sectors.
During the next decade, the system peak demand is expected to increase
by approximately 2.2% per year, double the 1.1% per year recorded
between 2000 and 2010 [44]. Three conventional coal-fired power
plants comprise 1682 MW of this capacity being used to meet base load
needs. The generation capacity of natural gas facilities, hydro facilities,
wind facilities and cogeneration facilities are 813 MW, 853 MW,
161 MW and 438 MW [46]. From a long-term planning point of view,
the planning horizon of this study is 15 years with three planning
periods, from 2015 to 2030.

In 2010, Saskatchewan's GHG emissions were 69.8 t/capita (t/c),
about 3.5 times the national average [45]. The electricity sector com-
prises 22% of the province's GHG emissions. Thus, the fact that Sas-
katchewan's electricity sector accounts for significant emissions must be
viewed and considered in the study that Saskatchewan's greenhouse gas
emissions are unacceptably high. These power stations pose two chal-
lenges for the provincial electric power system: they are very significant
GHG emitters and, they are reaching the end of their useful life. Espe-
cially, new federal regulations took effect on July 1, 2015, that sig-
nificantly impacted coal fleet in Saskatchewan. The performance stan-
dard for new coal-fired electricity generation units in Canada is
supposed to be 420 t/GWh [44]. New and end-of-life units that in-
corporate technology for carbon capture and storage (CCS) might apply
for an exemption from the performance standard until 2025 [47]. The
decisions required of SaskPower by concerning investments in re-
placement generating facilities, simultaneously, meeting burgeoning
demand for additional power will set the course for the corporation for
coming decades.

2.2. Statement of problems

Electric utilities in Saskatchewan operate in the second largest ser-
vice area in Canada and has the lowest customer density of any
Canadian utility [44]. These electric utilities is committed to supporting
economic growth in the province through the delivery of reliable, af-
fordable and sustainable power to Saskatchewan's people, as customers,
business owners, and residents, to give them the power to live well
[48]. Like any electrical utility in other areas, the system faces many
challenges, not the least of which is adapting to a future that includes
significant changes in climate and international, as well as local, re-
sponses to those changes. Saskatchewan's electric utilities also have
adaptation opportunities that could benefit the province, both from
economic and climate change mitigation.

In the Saskatchewan electric power system, there are significant
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