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Abstract: Power generation companies play an important role in the Canadian economy, as most
of the economic activities in the manufacturing and service sectors are powered by electricity. The
significance of the Canadian power generation industry shows that efficiency analysis is essential for
efficiently managing power generation and distribution in Canada. However, there have been few
attempts to study the relative efficiencies of the Canadian power generation companies. This study
fills in this gap by assessing the overall technical, managerial, and scale efficiencies of a sample of
Canadian power generation companies via the non-parametric bootstrap DEA methodology, with
firm-level annual inputs and outputs data over an 18-year horizon. The results of our investigation
indicate low levels of overall technical and managerial efficiencies but relatively high levels of scale
efficiencies of the Canadian power generation companies over the entire study period. We also
found that the 2007–2009 financial crisis impacted the relative performance of the Canadian power
generation companies. Our results also allowed us to identify the benchmark power generation
companies for each type of efficiency that the inefficient companies should target toward improving
their efficiency.

Keywords: bootstrap data envelopment analysis; power generation; overall technical efficiency;
managerial efficiency; scale efficiency; performance improvement

1. Introduction

Canada is the world’s sixth-largest producer of electricity, with a production of
693,400 GWh in 2017 (BP Statistical Review of World Energy 2018), and the world’s second-
largest producer of hydroelectricity (Electricity Facts, Natural Resources Canada 2019).
Electricity is an important resource in Canada in terms of both generation and export,
and the power generation companies play an important role in the accessibility and af-
fordability of energy supply across the Canadian population. All other industries and
businesses depend on a reliable, sustainable, and cost-effective electricity system for their
daily operations.

Canadian power generation companies have been facing significant challenges due to
the cumulative effects of several federal, provincial, and territorial regulations, which have
affected their ability to operate efficiently and make optimal decisions about power genera-
tion (Mirnezami 2014). The efficiency of the power generation companies has been further
affected by the changing and uncertain electricity demand and supply conditions over the
economic cycles (Qudrat-Ullah 2013). The past economic recessions stalled the demand,
thereby further widening the imbalance between electricity demand and supply. After
the recession period, the electricity demand suddenly increased driven by the economic
activities, whereas the supply did not follow due to a lack of operational efficiency of the
power generation companies (Qudrat-Ullah 2013). To improve the operational efficiency
of power generation companies, managers, and policy makers need to understand how
inputs are being used for continuous improvement. However, there is a lack of academic
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literature and business practices that focus on exploring the performance of the Canadian
power generation companies, which motivates this work.

Previous performance analysis studies of the Canadian power generation companies
have been limited to the efficiency assessment of hydroelectric power-generating plants
(Wang et al. 2014). These studies found that the overall efficiency of the hydropower
generation in Canada improved in 2012, following a downtrend from 2005 to 2011 (Wang
et al. 2014). Wang et al. (2014) also identified energy savings and social responsibility as
the key factors that influence the efficiency of the sustainable hydropower production in
Canada. Efficiency analysis of the power generation companies has received worldwide
attention because of its significance to the national economies of many countries (Moeini
and Afshar 2011). However, few studies have focused on analyzing the efficiency of
Canadian power generation companies. The efficiency of power generation companies
around the globe has also been studied through data envelopment analysis (DEA) (Lyu
and Shi 2018; Jebali et al. 2017; Al-Refaie et al. 2016; Çelen 2013).

DEA is a non-parametric technique for comparing the relative efficiencies of decision-
making units and benchmarking their performance. The DEA technique is used to estimate
three typical types of efficiency: (i) the overall technical efficiency (OTE) measured by the
CCR model, which assesses both the management and the scale of operations (Charnes et al.
1978); (ii) the pure technical efficiency (PTE) or managerial efficiency measured by the BCC
model, which assesses the management of operations only (Banker et al. 1984); and (iii) the
scale efficiency, defined as the ratio of the overall efficiency and the managerial efficiency,
which measures the extent to which the overall technical efficiencies can be traced back
to the whole operations’ scale rather than the management effectiveness (Banker et al.
1984). Since the DEA technique is based on a deterministic model, the bootstrap DEA
methodology is suggested to take into account any uncertainty and find robust efficiency
estimators (Simar and Wilson 1998). The choice of input and output variables plays a key
role in accurately estimating the relative efficiencies of the decision-making units in the
DEA methodology. Several studies have used various input and output variables to model
the efficiency of power generation companies (e.g., Mahmoudi et al. 2019; Sueyoshi et al.
2019; Al-Refaie et al. 2016; Jamasb and Pollitt 2001). To the best of our knowledge, this is
the first study of its kind in the Canadian context.

This research was conducted to evaluate the relative performance of Canadian power
generation companies via bootstrap DEA models. The specific objectives were (i) to
benchmark Canadian power generation companies across the country, the regions, the
provinces, and the types of ownership; (ii) to study the evolution of the annual relative
efficiencies of power generation companies over the study period (2001–2018); and (iii) to
study the impact of the 2007–2009 financial crisis on the relative efficiency of the power
generation companies. In particular, we are interested in the following research questions:

- What are the most efficient power generation companies across the country?
- Does the efficiency of the power generation companies vary across the provinces and

the territories?
- Does the type of ownership affect the overall technical efficiency of the Canadian

power generation companies?
- Did the 2007–2009 crisis negatively affect the overall technical efficiency of the Cana-

dian power sector?

In addition, we hypothesize that since the publicly owned power generation compa-
nies are typically larger in size, and may have access to more financial resources, they may
feature higher overall technical efficiency than their private sector counterparts. Second,
we also conjecture that as the 2007–2009 financial hit all the sectors of the global economy
relatively hard, the overall technical efficiency of the Canadian power generation might
have declined over this period, compared to the pre- and the post-financial crisis periods.

To answer our research questions, and test our hypotheses, we will use the non-
parametric bootstrap DEA methodology with firm-level annual input and output data
from 17 power generation companies over the 18 years. The results will help identify the
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efficient benchmark power generation companies, which serve as targets for the inefficient
companies to achieve their best practices. In particular, the results of our study may prove
useful to power generation companies’ top management, authorities/decision makers, and
individuals interested in the Canadian energy sectors, as they shed light on:

• the main sources of operational inefficiency in the Canadian power generation compa-
nies;

• the potential strategies to improve the operational efficiency of the inefficient compa-
nies;

• the potential strategies to reduce the impact of future economic cyclical variations on
the Canadian power generation companies; and

• the understanding of the best practices in the power generation energy sector, and
potential strategies for the inefficient companies to improve their overall technical and
managerial efficiencies.

The remainder of the paper is organized as follows. Section 2 provides a literature
review of the energy industry in Canada and the efforts related to measuring the efficiency
of power generation companies. Section 3 presents the DEA methodology; the calculation
of the so-called Malmquist productivity index (MPI), often used in DEA analysis to assess
the betterment of the decline of companies’ efficiency over two consecutive periods; and
our data collection strategy. Analysis of our empirical results is presented in Section 4.
Section 5 provides managerial insights and Section 6 concluding remarks.

2. Literature Review

Canadian power companies produce, transport, and distribute electrical energy to
industrial, commercial, residential, and institutional customers across the provinces and
territories. They play a pivotal role in the national economic growth. However, these
companies face many federal and provincial regulations for a low-carbon and clean energy
future, which requires significant investments to reduce greenhouse gas (GHG) emissions
and for renewable energy solutions. These regulations have significantly increased the
cost of production for the power generation companies, thereby reducing their efficiency.
This in turn affects the efficiency of many production and service organizations, which are
dependent on the power generation companies for reliable, sustainable, and cost-effective
electricity for their day-to-day operations.

2.1. The Canadian Energy Industry

In Canada, electricity is produced from both non-renewable resources, such as crude
oil, coal, natural gas, uranium, and renewable resources, such as hydroelectric and wind
production. Canada and the United States share a highly integrated electricity grid system,
with more than 34 cross-border transmission lines. This integrated electricity system is
highly impacted by the economic fluctuations in the United States market. Therefore, it is
important not only to assess the efficiency of the power generation companies but also to
understand how the efficiency is impacted by the economic fluctuations in the market.

In 2018, the Canadian energy sector produced approximately 32 percent more than in
2005, and in 2019 accounted for 10 percent of the nominal gross domestic product (GDP).1

According to the Canadian government, the energy sector generated 641.1 terawatt-hours
(TWh) of electricity in 2018, of which hydro sources accounted for approximately 60 percent,
nuclear 15 percent, non-hydro renewables 7 percent, coal 7 percent, and gas/oil/others
11 percent.2 It is estimated that by 2030, the domestic fuel consumption will be 12 percent
lower, and 35 percent lower by 2050, whereas renewables and nuclear will grow by 31 per-
cent by 2050 and become a larger share of the energy mix (Government of Canada 2020). In
2012, it was estimated that the power generation companies needed to invest at least $350
billion by 2030 to meet the growing demand and to modernize the aging infrastructure
(The Conference Board of Canada 2012). In 2018, it was estimated that investments in
infrastructure at the magnitude of $1.7 trillion would be necessary by 2050 in order for
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Canadian power generation companies to meet environmental regulations and move to a
more resilient and low-carbon economy (The Conference Board of Canada 2018).

The power generation companies supply electricity to three sectors, namely (i) res-
idential, (ii) commercial, and (iii) industrial, and the change in demand in each sector
impacts the efficiency of the power generation companies. According to the Government
of Canada, in 2016, the residential sector accounted for 33.3 percent of the total electricity
produced. This includes energy for space and water heating, air conditioning, appliances,
and other end-use energy devices. The residential sector demand in different provinces,
which affects the efficiency of the power generation companies, is met by different sources.
For example, in 2020, hydroelectricty accounted for 96.8 percent in Manitoba, 95.6 percent
in Newfoundland and Labrador, 93.9 percent in Quebec, 88.7 percent in British Columbia,
and 87.1 percent in Yukon, whereas natural gas accounted for 46.3 percent in Alberta,
39.2 percent in Saskatchewan, and 14.4 percent in Nova Scotia (Government of Canada
2020).3

The commercial sector, which includes offices, retail, warehousing, government, and
institutional buildings, utilities, communications, and other service industries, accounted
for 23.7 percent of the energy consumption in 2016 (Government of Canada 2020).4 The
potential for growth of the demand for electricity in the commercial sector is high, as the
Canadian economy is growing. This is amply supported by the growth in the GDP and
new constructions across the country. However, more efficient heating/ventilation and
air-conditioning systems lead to reduced energy demand. This growth in demand, on
the one hand, and the possible reduction in demand, on the other hand, lead to demand
uncertainty, thus affecting the efficiency of the power generation companies.

The industrial sector, which includes manufacturing, forestry, fisheries, agriculture,
construction, and mining industries, accounted for 40.8 percent of the electricity demand
in 2016 (Government of Canada 2020),5 contributes to environmental pollution, and is the
target of several regulatory policies, which leads to its underlying demand uncertainty,
thereby further impacting the efficiency of the power generation companies.

2.2. Efficiency Measurement of Power Generation Companies

The relative efficiency of electricity generation plants using DEA was assessed for
the first time by Färe et al. (1983). They found that few electric utilities in Illinois were
technically efficient, with a large variation in inefficiency across firms. Since then, a number
of studies have been conducted for assessing the efficiency of energy generation and
consumption through DEA. Zhou et al. (2008) conducted a detailed review of about 100
publications that assessed the relative efficiency in the field of energy and environmental
studies through DEA.

DEA-based models are widespread in assessing the efficiency of the power generation
companies around the globe. Lyu and Shi (2018) used the DEA methodology to analyze
the financing efficiency of the renewable energy industry in different parts of the globe.
They found low financing efficiency in most of the renewable energy industries, except
for the wind power industry, which was found to have relatively high comprehensive
financing efficiency (Lyu and Shi 2018). The latter studies aimed at analyzing the cause
of the financing gap and proposed bond financing as a remedy (Ng and Tao 2016). Other
work suggested key supportive policies to improve the financial efficiency of the renewable
energy industry (Ng and Tao 2016).

On another front, Çelen (2013) analyzed the efficiency of 21 Turkish electricity compa-
nies using the DEA and Tobit models and found that the customer density in the region
and the private ownership affect the efficiencies positively, and suggested privatization as a
strategy to improve the efficiency of the public distribution companies. Most of the studies
on the efficiency of the power generation companies have focused only on the hydropower
efficiency around the globe. For example, Barros and Peypoch (2007) used the DEA frontier
model to estimate the technical efficiency of the hydroelectric-generating plants in Portu-
gal. Barros (2008) further divided the total productivity change into technical change and
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technological change and benchmarked the companies for best management practices.
Jha and Shrestha (2006) used an input-oriented DEA model to evaluate the performance
of hydropower plants in Nepal. They found that around 80 percent of the hydropower
plants in Nepal were operating inefficiently and only a few hydropower plants such as
Kaligandaki and Sundarijal were efficient (Jha and Shrestha 2006).

The efficiency of the hydropower generation in Canada has also been analyzed due
to its significant contribution to the economy of many provinces. In Wang et al. (2014),
this was done through the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) model. The results showed that the overall efficiency of the hydropower genera-
tion experienced a downtrend from 2005 to 2011, mainly due to the financial crisis, and
suggested energy savings and social responsibility as key factors to improve the efficiency
of the sustainable hydropower production (Wang et al. 2014).

To the best of our knowledge, no previous work assessed the overall, managerial,
and scale efficiencies of power generation companies operating across different regions of
Canada. Thus, this current work fills in this gap and takes a step further by identifying, for
each type of efficiency, the benchmark companies that the inefficient companies should
target for potential areas of improvement.

3. Methodology
3.1. Data Envelopment Analysis and Bootstrapping

Data envelopment analysis (DEA) is one of the most prolific decision-making tech-
niques of the past four decades. DEA has extensively been applied to measure the perfor-
mance or relative efficiency of private and public organizations across almost all sectors.
For an exhaustive review of theoretical and applied studies in DEA, please refer to Em-
rouznejad and Yang (2018).

DEA has several advantages compared to its counterpart parametric models (Banker
et al. 1989). First, it converts multiple inputs and outputs into a comprehensible measure of
relative efficiency for a sample of decision-making units (DMUs). In addition, this technique
allows performing benchmarking for the DMUs that are non-efficient without setting an a
priori relationship between the inputs and outputs. DEA establishes an efficiency frontier
by evaluating the efficiency of all DMUs relative to that frontier. A DMU is considered
efficient if it is located on the frontier of excellence and if no other DMU can produce more
outputs by using an equal or smaller quantity of inputs or if no other DMU can use fewer
inputs to produce an equal or larger quantity of outputs (Lovell 1993; Fare et al. 1994).
However, it has to be noted that DEA results may be sensitive to outliers (i.e., extreme
observations, non-homogenous DMUs, etc.), and many techniques have been used to deal
with that DEA limitation. Among these techniques, the bootstrap DEA methodology that
we are using in this study is one of the solutions.

Consider n DMUs (in this study, Canadian power generation companies observed
annually from 2001 to 2018) that transform four inputs, namely number of employees,
total assets, operating expenses, and capital expenditures, to produce two outputs, total
revenues and total electricity generation. These inputs and outputs variables were used
in previous work (see Table 1 in the next sub-section). In the sequel, the inputs consumed
by DMUj will be denoted as xjs, s = 1, . . . , 4; j = 1, . . . , n. Similarly, the outputs produced
by DMUjwill be denoted as yjr, r = 1, 2. Let vs and µr be the relative importance of input s
and output r, respectively. In addition, let hj be the efficiency ratio of DMUj and ε a small
positive number.

Assume we want to evaluate the efficiency of DMUj0, j0 ∈ {1, 2, . . . , n}, and that
constant returns to scale prevail. This may be cast into the following simple linear pro-
gramming model (a linearized version of a fractional model), known as the CCR input-
oriented model:
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max hCCR
0 =

2
∑

r=1
µryj0r

subject to :
2
∑

r=1
µryjr −

4
∑

s=1
vsxjs ≤ 0, j = 1, . . . , n

4
∑

s=1
vsxj0s = 1

µr, vs ≥ ε, r = 1, 2; s = 1, . . . , 4

(1)

Simply put, Model (1) maximizes the efficiency ratio of DMUj0 (under evaluation),
while requiring that the efficiency ratio of each of the DMUs not exceed 1 or 100 percent.
This way, this model captures the overall technical efficiency, including production practices
as well as the efficiency in scale size due to economies of scale.

The above formulation is slightly modified as follows, if variable returns to scale apply,
to obtain the so-called BCC model:

max hBCC
0 =

2
∑

r=1
µryj0r − u0

subject to :
2
∑

r=1
µryjr −

4
∑

s=1
vsxjs − u0 ≤ 0, j = 1, . . . , n

4
∑

s=1
vsxj0s = 1

µr, vs ≥ ε, r = 1, 2; s = 1, . . . , 4

(2)

In Model (2), the sign of u0 will indicate whether constant, increasing, or decreasing
returns to scale prevail. For a further account, see Banker et al. (1984). The efficiency ratio,
as defined in Model (2), represents the use of best management practices at a given scale
size. By combining the efficiencies from the CCR and BCC models, we can determine both
the portion of the overall (CCR) technical efficiency that is due to suboptimal production
practices and the portion due to suboptimal scale (BCC). Since we are interested in the
source of efficiencies and inefficiencies, we will consider the following ratio to evaluate
whether DMUj0 operates at optimum scale size or with the right amount of resources via
the following scale efficiency ratio:

hSE
0 =

hCCR
0

hBCC
0

(3)

DEA models also prove useful in identifying benchmark DMUs toward which inef-
ficient DMUs may mend their practices in their pursuit of achieving efficiency. A DMU
is considered efficient if its ratio h0, as defined in Models (1) and (2), is 1. Under constant
returns to scale, the following dual problem, associated to Model (1), provides a suitable
setting toward such an identification:

minθ0 = z0 − ε

(
4
∑

i=1
s−i +

2
∑

i=1
s+i

)
subject to :

xij0 z0 −
n
∑

j=1
λjxij − s−i = 0, i = 1, . . . , 4

n
∑

j=1
λjyrj − s+r = yrj0 , r = 1, 2

λj, s−i , s+r ≥ 0; j = 1, . . . , n; i = 1, . . . , 4; r = 1, 2

(4)

θ0, the value of the objective function of Model (4), measures the efficiency ratio of
the evaluated DMU, namely DMUj0. The benchmark DMUs, which form an envelope of
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the efficiency frontier, are identified by the non-zero λjs, j = 1, . . . , n. For an inefficient
DMU, z0 measures the fraction of inputs needed to produce outputs equivalent to its
benchmark DMUs. s−i and s+r are slack variables associated with input i and output r,
respectively. The dual of the BCC model is the same as Model (4), with the following
additional convexity constraint:

n

∑
j=1

λj = 1 (5)

Notwithstanding the fact that the original versions of the DEA models can handle mul-
tiple inputs and outputs, they are limited by their deterministic nature. The efficiency ratios
of DMUs are evaluated on a sample of observations
χ =

{(
xij, yrj

)
, i = 1, . . . , m; r = 1, . . . , t; j = 1, . . . , n

}
. As a result, such ratios may be

viewed as point estimates of the true ratios, which are unknown. A few past studies
have found that the conventional point estimators obtained from the classical DEA models
do not provide consistent results (Toma et al. 2017).

We may assume that the sample χ is a particular realization of an unknown data-
generating process, P. The latter being unknown also means so are the true efficiency
ratios. As a result, the solutions to the dual problems (Models (4) and (4–5)) are point
estimates of the true efficiency scores. As P is unavailable, we will use sample χ and
bootstrapping to build an approximate distribution, P̂, of P, which we expect will replicate
the statistical properties of P. This way, we can generate B samples from P̂, and for each
DMUj, j = 1, . . . , n, solve Model (4) or Model (4–5) for each sample to obtain B estimates θ̂b

j ,
b = 1, . . . , B, thus obtaining a better estimation of the true efficiency scores, as compared to
the regular DEA efficiency ones. In the numerical experiments, we will take B = 2000 to
ensure sufficient coverage of the confidence intervals.

3.2. Efficiency Variation over Time

We will use a sample of 18 years to calculate the efficiency of the companies under
study. As a result, we have panel data, which will allow analyzing the evolution of
the efficiency of each of the company under study over time. Under this setting, each
DMU is treated as a different unit over time. This way, the efficiency of a DMU in a
time period t may be contrasted against its own efficiencies in other time periods, in
addition to the efficiency of the other units (Asmild et al. 2004). This can be achieved under
the umbrella of DEA window analysis, introduced by Charnes et al. (1985). However, if
year-over-year comparisons are sought, the so-called Malmquist productivity index (MPI),
which is often combined with DEA window analysis, e.g., Al-Refaie et al. (2016), may
prove a suitable device. Developed by Malmquist (1953), the MPI reflects the increase,
decrease, or stationarity in the efficiency of DMUs over two consecutive periods. Thus, the
productivity/efficiency of a DMU is improved from period t to period t+1 if the index is
larger than 1, deteriorated if the index is lower than 1, and remains unchanged if the index
is 1 (Al-Refaie et al. 2016).

Let θt
0
(

xt
0, yt

0
)

and θt
0

(
xt+1

0 , yt+1
0

)
denote the efficiency measures of DMU0 for a refer-

ence technology at period t based on its inputs–outputs at periods t and t+1, respectively.
Similarly define the efficiency measures θt+1

0
(

xt
0, yt

0
)

and θt+1
0

(
xt+1

0 , yt+1
0

)
. The MPI is then

given by (Al-Refaie et al. 2016):

MPIt+1
t =

 θt
0
(
xt

0, yt
0
)
θt

0

(
xt+1

0 , yt+1
0

)
θt+1

0
(
xt

0, yt
0
)
θt+1

0

(
xt+1

0 , yt+1
0

)


1
2

× θt+1
0

(
xt+1

0 , yt+1
0

)
θt

0
(
xt

0, yt
0
)

(6)
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Observe that θt(xt
0, yt

0
)

and θt+1
(

xt+1
0 , yt+1

0

)
are obtained from Model (4). Following

Al-Refaie et al. (2016), θt
(

xt+1
0 , yt+1

0

)
and θt+1(xt

0, yt
0
)

are calculated through Model (7)
and Model (8), respectively, which are slight modifications of Model (4):

min θt
0 = z0 − ε

(
4
∑

i=1
s−i +

2
∑

i=1
s+i

)
subject to :

xt
ij0

z0 −
n
∑

j=1
λjxt+1

ij
− s−i = 0, i = 1, . . . , 4

n
∑

j=1
λjyt

rj
− s+r = yt+1

rj0
, r = 1, 2

λj, s−i , s+r ≥ 0; j = 1, . . . , n; i = 1, . . . , 4; r = 1, 2

(7)

min θt+1
0 = z0 − ε

(
4
∑

i=1
s−i +

2
∑

i=1
s+i

)
subject to :

xt+1
ij0

z0 −
n
∑

j=1
λjxt

ij
− s−i = 0, i = 1, . . . , 4

n
∑

j=1
λjyt+1

rj
− s+r = yt

rj0
, r = 1, 2

λj, s−i , s+r ≥ 0; j = 1, . . . , n; i = 1, . . . , 4; r = 1, 2

(8)

3.3. Selection of the Inputs and Outputs

The choice of input and output variables significantly influences the results obtained
from a DEA model. Table 1 provides a sample of input and output variables used in
previous studies on the energy efficiency of power generation companies. As discussed in
the literature review section, most of the studies using the DEA methodology focused on the
energy efficiency from an ecological and environmental point of view, with few assessing
the overall technical, managerial, and scale efficiencies of power generation companies.

The studies listed in Table 1 used both physical and financial variables as inputs and
outputs. The most commonly used physical input variables include power generation
capacity, annual capacity, hours of operation, fuel consumption, and number of employees,
whereas most of studies consider the cost of power generation, capital expenditures, total
assets, fixed assets, and operating cost as financial input variables. Electricity generation
and capacity utilization are popular desirable physical output variables, while CO2 and
SO2 emissions and greenhouse gas emissions are commonly used undesirable physical
output variables. Lastly, total revenue, GDP contribution, gross value added, and sales are
among the most popular financial output variables considered in previous studies.

In this vein, as aforementioned, our input variables are the number of employees, the
total assets (in CAD million), the operating costs or expenses (in CAD million), and the
capital expenditure (in CAD million) and our output variables are the total revenues or
sales (in CAD million) and the total electricity generated (in gigawatt-hours (GWh)).
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Table 1. Summary of inputs and outputs used in previous studies.

Energy Efficiency
Analysis Model Used Inputs Outputs Reference

Energy efficiency of
thermal power plants

Shanon entropy
Game theory

Generation capacity
Hours of operation
Fuel consumption

Number of employees
Cost of power generation

Cost of training

Total revenue
Electricity generated

CO2 emissions

Mahmoudi
et al. (2019)

Energy efficiency of
power plants in China

DEA
Production decomposition

analysis (PDA)
Index decomposition

analysis

Energy consumption
Capital
Labor

GDP
CO2 emissions

Sueyoshi et al.
(2019)

Energy efficiency of oil
and gas companies Directional distance DEA

Number of employees
Capital expenditure

Total assets

Production
Greenhouse gas

emissions

Wegener and
Amin (2019)

Energy efficiency of
Iranian oil refineries

Network DEA Malmquist
index

Consumption of oil
Consumption of fuel

Actual capacity
Complexity index

Number of employees
Consumption of Super

gasoline

LPG
Gasoline
Kerosene
Gas oil,
fuel oil

Tavana et al.
(2019)

Renewable energy
financing efficiency in
different parts of the

globe

DEA and
Malmquist index

R&D investment
Development of the stock

market
Project financing
Venture capital

Renewable energy
generation

Lyu and Shi
(2018)

Energy efficiency in
Mediterranean

countries

DEA and
double bootstrap

Energy consumption
Labor force

Gross fixed capital
GDP Jebali et al.

(2017)

Energy efficiency and
productivity growth in

Jordanian power
generation

DEA and
Malmquist index

Number of employees
Number of establishments

Energy consumption
Employee compensation

Intermediate consumption

Gross value added
CO2 emissions

Al-Refaie et al.
(2016)

Energy regional
efficiency of power

plants in China
Radial distance DEA

Labor
Capital

Coal
Natural gas

GDP
CO2

Zha et al.
(2016)

Energy efficiency of
power plants in

Sweden

DEA
Regression

Labor
Capital

Fossil fuel
Non-fossil fuel

Sales
SO2
NOx

Zhang et al.
(2016)

Energy, environmental,
and economic

efficiency of power
plants in China

DEA and
Malmquist index

Capital stock
Labor

Energy consumption

GDP
SO2

Chemical oxygen
demand

Wang and
Feng (2015)

Energy Efficiency Of
Photovoltaic Power
Stations In Germany

And The United States

Radial distance DEA
Insolation

Average sunshine
Photovoltaic land area

Annual modules
Goto and
Sueyoshi

(2014)
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Table 1. Cont.

Energy Efficiency
Analysis Model Used Inputs Outputs Reference

Energy efficiency
among BRICS countries

Bootstrap DEA
Super-SBM model

Economically active
population

Capital formation rate
Energy consumption

GDP Song et al.
(2013)

Energy efficiency of
power plants in Turkey DEA

Capacity usage factor (%)
Installed capacity
Water collection

Unit cost
Operations cost

Net generation
Gross generation

Sozen et al.
(2012)

Energy efficiency of 28
administrative regions

of China
DEA

Fixed assets
Energy consumption

Labor

Industrial added value
Volume of industrial

waste gas

Shi et al.
(2010)

Investigation of best
practices toward

improved performance
in

the energy market

DEA and
Malmquist index

Labor
Capital

Operational cost
Investment

Energy
Production

Capacity utilization in
%

Barros (2008)

4. Empirical Study
4.1. Sample and Data

We constructed our sample as follows. First, we identified all 27 power generation com-
panies, small and large, publicly owned or state owned, operating across the 10 provinces
and 3 territories of Canada. Then, we verified whether these power generation companies
had been in operation over the 2001–2018 period, as well as the availability of data relevant
to our study. In the end, 17 power generation companies constituted our final sample for
18 years (with the exception of Nalcor Energy (NFL) and Algonquin Power & Utilities
Corp (ON), for which the data were available for only 15 years and 10 years, respectively).
The 17 power generation companies are from 10 Canadian provinces and territories (see
Table 2). We collected the relevant inputs and outputs data for these 17 power generation
companies and ended up with a sample of 295 firm-year companies observed annually.

We can notice from Table 2 the important fluctuations of the number of employees
among the companies, with the largest employers located in the central region and more
specifically in Quebec and Ontario, while the smallest employer is located in the northern
region in Yukon. Similarly for the total assets, except that other companies with large assets
are located in the western region and more specifically in Alberta and British Columbia.
Companies located in the central region feature the highest operating costs, followed by
those in the western region, while the northern region, with only one company in Yukon,
features the lowest operating costs. Capital expenditures appear to be significantly higher
for the state-owned companies located in Quebec and Manitoba compared to the others.
The total revenues exhibit a similar behavior as the operating costs. Finally, the total
electricity generation clearly shows that the big electricity producers are located in the
central region in Quebec and Ontario, followed by the western region in British Columbia.
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Table 2. Statistics pertaining to the inputs–outputs for the 17 power-generating companies.

Region Province/
Territory Company Name N Statistics Number of

Employees
Total Assets

(CAD Millions)

Operating
Costs (CAD

Millions)

Capital
Expenditures

(CAD Millions)

Total Revenues
(CAD Millions)

Total Electricity
Generation

(GWh)

Western BC BC Hydro 18 Mean 5470.00 19,317.06 4515.83 1436.94 4925.72 83,348.28
Median 5740.00 17,211.00 4365.50 1458.00 4792.50 83,388.00

Std. deviation 634.60 7680.23 1115.13 779.62 1207.25 5853.36

AB TransAlta
Corporation 18 Mean 2415.72 8990.89 2172.22 580.72 2519.67 44,647.83

Median 2384.50 9465.50 2175.00 529.50 2589.00 45,369.00
Std. deviation 251.49 1241.12 234.70 232.68 298.09 6596.80

AB TC Energy 18 Mean 4238.44 46,706.94 6134.00 4212.61 8642.61 16,638.83
Median 4100.00 45,215.00 4737.00 3800.00 8341.50 15,728.00

Std. deviation 1884.58 24,741.47 3446.80 2845.38 2702.84 3202.53

SK SaskPower 18 Mean 2720.61 6603.61 1627.89 643.00 1753.78 21,840.22
Median 2677.00 5303.50 1446.50 581.50 1602.50 21,618.00

Std. deviation 325.51 3028.25 505.06 355.58 509.06 2097.15

MN Manitoba Hydro 18 Mean 5926.83 13,851.22 2017.11 11,308.67 2108.33 23,363.72
Median 6039.00 12,102.00 1959.50 9755.00 2104.00 23,426.00

Std. deviation 573.65 4576.88 287.55 4609.61 209.03 1545.14

Central ON Algonquin Power
& Utilities Corp 10 Mean 1441.80 4467.00 636.90 240.20 792.30 2875.60

Median 1230.00 3795.00 688.00 181.00 809.50 3031.00
Std. deviation 575.01 3204.65 408.64 207.59 541.12 1171.34

ON Hydro One
Limited 18 Mean 5624.33 17,452.11 4092.11 1206.78 5157.78 172,977.78

Median 5572.00 16,478.50 4027.50 1417.00 4934.00 170,600.00
Std. deviation 1417.78 5657.48 857.70 421.85 992.25 7555.64

ON Ontario Power
Generation 18 Mean 10,720.72 31,362.06 3728.06 15,479.44 4342.56 95,455.56

Median 10,950.00 28,580.50 3677.00 13,268.00 4428.00 88,600.00
Std. deviation 1035.59 11,413.68 284.91 4001.13 414.23 18,407.49
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Table 2. Cont.

Region Province/
Territory Company Name N Statistics Number of

Employees
Total Assets

(CAD Millions)

Operating
Costs (CAD

Millions)

Capital
Expenditures

(CAD Millions)

Total Revenues
(CAD Millions)

Total Electricity
Generation

(GWh)

QC Boralax Inc. 18 Mean 276.67 1372.56 135.61 780.67 197.50 1777.83
Median 280.00 920.50 104.00 528.50 184.50 1559.50

Std. deviation 62.31 1315.42 97.58 634.85 109.67 710.51

QC Hydro Quebec 18 Mean 20,164.06 67,034.06 7016.22 56,231.78 11,851.39 192,614.72
Median 19,790.00 65,363.50 7041.00 55,920.00 12,257.00 192,237.50

Std. deviation 1745.99 6705.20 878.67 5003.29 1843.13 9656.30

Eastern NB NB power 18 Mean 2581.28 5414.61 1393.61 283.72 1578.67 18,799.72
Median 2597.00 5505.50 1487.00 279.00 1625.50 18,692.00

Std. deviation 128.93 1502.81 210.28 104.23 189.80 1480.49

NS Emera
Incorporated 18 Mean 3540.28 10,009.72 1836.33 560.17 2328.94 16,932.78

Median 2819.00 5686.00 1206.50 470.50 1545.00 15,603.50
Std. deviation 1856.11 9561.92 1365.34 529.26 1691.98 3092.87

NS Nova Scotia
Power Inc. 18 Mean 1806.39 3778.72 888.72 2907.06 1157.00 11,686.22

Median 1805.00 3694.00 944.50 2733.00 1192.50 11,781.50
Std. deviation 110.78 769.94 198.70 587.25 198.27 711.99

NFL Fortis Inc. 18 Mean 4448.78 17,614.33 2879.06 1187.56 3737.78 32,369.00
Median 2950.50 12,775.00 2900.50 1047.50 3650.50 27,732.50

Std. deviation 2450.83 16562.14 1879.50 931.06 2537.49 10,539.50

NFL Newfoundland
Power Inc. 18 Mean 669.72 1165.78 409.17 920.94 527.89 5678.39

Median 640.50 1222.50 383.00 863.00 541.00 5673.50
Std. deviation 105.90 325.74 161.45 299.98 111.58 459.78

NFL Nalcor Energy 15 Mean 1311.27 3020.60 611.13 1039.33 697.13 39,313.93
Median 1290.00 2712.00 585.00 254.00 714.00 39,242.00

Std. deviation 145.75 846.78 147.42 1244.89 151.19 1583.63
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Table 2. Cont.

Region Province/
Territory Company Name N Statistics Number of

Employees
Total Assets

(CAD Millions)

Operating
Costs (CAD

Millions)

Capital
Expenditures

(CAD Millions)

Total Revenues
(CAD Millions)

Total Electricity
Generation

(GWh)

Northern YK Yukon Energy
Corporation 18 Mean 81.11 326.83 26.94 287.39 33.89 373.56

Median 85.00 325.50 23.00 250.00 32.50 379.00
Std. deviation 15.58 145.24 9.83 131.13 8.18 67.59

All
samples All companies 295 Mean 4428.53 15,620.30 2424.57 6042.33 3165.84 47,157.78

Median 2657.00 7878.00 1746.00 949.00 1869.00 21,875.00
Std. deviation 4902.14 19,709.69 2316.89 13,634.64 3326.82 57,366.17
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One of the requirements for the application of DEA is isotonicity, or positive corre-
lations between the selected factors (inputs and outputs). Factors with weak or negative
correlations with other inputs or outputs should be deleted in the DEA model. Similarly,
if two factors are perfectly correlated, only one is needed (Chung et al. 2008). Figure 1
reports the Pearson correlations between our selected factors, which are all positive and
statistically significant at the 0.1 percent level, thus indicating the explanatory power of the
inputs and outputs in our DEA models.
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4.2. Results Analysis

We computed the regular overall technical efficiency ratios (ROTE), regular managerial
(pure technical) efficiency ratios (RPTE), and the regular scale technical efficiency ratios
(RSE) using our 295 firm-year sample and performing a pooled efficiency analysis. In
addition, we computed bootstrapped overall technical efficiency ratios (BOTEMean) and
bootstrapped pure technical efficiency ratios (BPTEMean), as described in Section 3.1. In the
sequel, we report the regular efficiencies scores as well as the averages of the corresponding
bootstrapped estimates.

We performed three types of analysis. First, we performed the benchmarking of the
assessed 17 power generation companies. We identified the benchmark companies across
the country, the regions, the provinces, and the type of ownership. Then, we studied the
evolution of the annual efficiencies over the period of 2001–2018. Finally, we assessed the
impact of the 2007–2009 financial crisis on the efficiency of the power generation companies.

4.2.1. Benchmarking of the Power Generation Companies across the Country

The DEA models results presented in Table 3 and Figure 2 show that the power
generation companies exhibit high efficiency ratios, with averages of 0.7506 (0.7086 for
average bootstrap), 0.8194 (0.7741 for average bootstrap), and 0.9169 for overall technical,
pure technical, and scale efficiencies, respectively. The average regular and bootstrapped
overall technical efficiency ratios range from 0.4362 to 0.8972. Pure technical efficiency
ratios range from 0.5233 to 0.9708. Finally, the average scale efficiency scores range from
0.7914 to 0.9946. We can therefore infer that the inefficiencies in the power generation
companies are mainly due to managerial issues, as the scale efficiencies are high.
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Table 3. Statistics pertaining to the efficiency scores for the 17 power-generating companies.

Region Province/
Territory

Company
Name N Statistics ROTE BOTEMean RPTE BPTEMean RSE

Western BC BC Hydro 18 Mean 0.7473 0.6972 0.7495 0.7062 0.9967
Median 0.6963 0.6721 0.6984 0.6756 0.9988

Std. deviation 0.1059 0.0751 0.1047 0.0819 0.0057

AB TransAlta
Corporation 18 Mean 0.8141 0.7656 0.8237 0.7869 0.9882

Median 0.8321 0.7794 0.8392 0.8059 0.9890
Std. deviation 0.0943 0.0866 0.0944 0.0901 0.0083

AB TC Energy 18 Mean 0.8297 0.7488 0.9409 0.8384 0.8866
Median 0.8248 0.7564 1.0000 0.8573 0.9808

Std. deviation 0.1462 0.1201 0.0741 0.0469 0.1604

SK SaskPower 18 Mean 0.7467 0.7253 0.7512 0.7332 0.9943
Median 0.7821 0.7620 0.7857 0.7696 0.9947

Std. deviation 0.0721 0.0706 0.0748 0.0737 0.0042

MN Manitoba
Hydro 18 Mean 0.4558 0.4362 0.5415 0.5233 0.8443

Median 0.4535 0.4329 0.5363 0.5155 0.8476
Std. deviation 0.0372 0.0323 0.0574 0.0549 0.0307

Central ON
Algonquin
Power &

Utilities Corp
10 Mean 0.7473 0.6983 0.8087 0.7515 0.9271

Median 0.7157 0.6761 0.7729 0.7254 0.9537
Std. deviation 0.0950 0.0655 0.1062 0.0701 0.0646

ON Hydro One
Limited 18 Mean 0.8972 0.8325 0.9708 0.8878 0.9246

Median 0.8576 0.8152 0.9816 0.8926 0.9549
Std. deviation 0.0791 0.0526 0.0375 0.0312 0.0761

ON
Ontario
Power

Generation
18 Mean 0.5741 0.5476 0.6637 0.6398 0.8655

Median 0.5684 0.5469 0.6542 0.6353 0.8632
Std. deviation 0.0340 0.0287 0.0437 0.0409 0.0145

QC Boralax Inc. 18 Mean 0.7049 0.6544 0.8006 0.7402 0.8837
Median 0.6642 0.6317 0.7526 0.7034 0.9056

Std. deviation 0.1308 0.1154 0.1421 0.1150 0.0817

QC Hydro
Quebec 18 Mean 0.7643 0.7454 0.9661 0.9084 0.7914

Median 0.7719 0.7541 0.9844 0.9213 0.7926
Std. deviation 0.0361 0.0377 0.0494 0.0447 0.0130

Eastern NB NB power 18 Mean 0.8359 0.7941 0.8429 0.8103 0.9913
Median 0.8332 0.7836 0.8366 0.8027 0.9915

Std. deviation 0.0892 0.0797 0.0866 0.0768 0.0054

NS Emera
Incorporated 18 Mean 0.8366 0.7978 0.8426 0.8065 0.9930

Median 0.8140 0.7814 0.8179 0.7912 0.9940
Std. deviation 0.0926 0.0846 0.0938 0.0904 0.0055

NS Nova Scotia
Power Inc. 18 Mean 0.7043 0.6773 0.7637 0.7387 0.9226

Median 0.7038 0.6827 0.7589 0.7328 0.9273
Std. deviation 0.0316 0.0365 0.0315 0.0315 0.0332

NFL Fortis Inc. 18 Mean 0.8208 0.7854 0.8404 0.8021 0.9777
Median 0.7971 0.7695 0.8246 0.7983 0.9976

Std. deviation 0.0866 0.0816 0.0853 0.0777 0.0487
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Table 3. Cont.

Region Province/
Territory

Company
Name N Statistics ROTE BOTEMean RPTE BPTEMean RSE

NFL Newfoundland
Power Inc. 18 Mean 0.8861 0.8306 0.9051 0.8594 0.9790

Median 0.8996 0.8489 0.9219 0.8787 0.9776
Std. deviation 0.0713 0.0632 0.0714 0.0636 0.0084

NFL Nalcor
Energy 15 Mean 0.8832 0.8133 0.8876 0.8371 0.9946

Median 0.9044 0.8403 0.9080 0.8655 0.9957
Std. deviation 0.0962 0.0700 0.0936 0.0737 0.0043

Northern YK Yukon Energy
Corporation 18 Mean 0.5329 0.5097 0.8376 0.7898 0.6439

Median 0.5395 0.5127 0.8609 0.8280 0.6438
Std. deviation 0.0511 0.0476 0.1334 0.1183 0.0588

All
samples

All
companies 295 Mean 0.7506 0.7086 0.8194 0.7741 0.9169

Median 0.7679 0.7334 0.8250 0.7855 0.9767
Std. deviation 0.1498 0.1337 0.1357 0.1170 0.1073

One-way F 39.307 45.118 28.445 28.576 53.338
ANOVA p-value 0.000 0.000 0.000 0.000 0.000
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Figure 2. Efficiency scores for the 17 power-generating companies.

In terms of overall technical efficiency, the three top benchmark power generation
companies are, respectively, Hydro One Limited (Ontario, central region, publicly owned),
Newfoundland Power Inc. (Newfoundland and Labrador, eastern region, state owned),
and Nalcor Energy (Newfoundland and Labrador, eastern region, state owned). On the
front of pure technical efficiency, the three top benchmark power generation companies
are, respectively, Hydro One Limited (Ontario, central region, publicly owned), Hydro
Quebec (Quebec, central region, state owned), and TC Energy (Alberta, western region,
publicly owned). Finally, for scale efficiency, the three top benchmark power generation
companies are, respectively, BC Hydro (British Columbia, western region, state owned),
Nalcor Energy (Newfoundland and Labrador, eastern region, state owned), and SaskPower
(Saskatchewan, western region, state owned).
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4.2.2. Benchmarking of the Power Generation Companies across the Regions

Region-wise, as reported in Figure 3, the power generation companies of the eastern
side feature the highest efficiency scores regardless of the type of efficiency considered
(overall technical, pure technical or managerial, and scale). This region appears to be the
benchmark region for the other regions. The northern region is the weakest in terms of
overall technical and scale efficiencies, while the western region is the weakest in terms of
pure technical or managerial efficiency. The central region falls in the middle on all three
types of efficiency.

J. Risk Financial Manag. 2021, 14, x FOR PEER REVIEW 15 of 25 
 

 

4.2.2. Benchmarking of the Power Generation Companies across the Regions 
Region-wise, as reported in Figure 3, the power generation companies of the eastern 

side feature the highest efficiency scores regardless of the type of efficiency considered 
(overall technical, pure technical or managerial, and scale). This region appears to be the 
benchmark region for the other regions. The northern region is the weakest in terms of 
overall technical and scale efficiencies, while the western region is the weakest in terms of 
pure technical or managerial efficiency. The central region falls in the middle on all three 
types of efficiency. 

 
Figure 3. Efficiency scores of the power-generating companies per region. 

4.2.3. Benchmarking of the Power Generation Companies across the Provinces and Terri-
tories 

Let us now focus on the provinces and territories. As reported in Figure 4, Manitoba’s 
power generation companies feature the lowest overall technical efficiency and pure tech-
nical (or managerial) efficiency scores. This tells that the inefficiencies of Manitoba’s 
power generation companies are mainly due to managerial issues. For the overall tech-
nical efficiency, Newfoundland and Labrador, New Brunswick, and Alberta have, respec-
tively, the top three average scores and represent the benchmarks for their power gener-
ation companies. As for pure technical or managerial efficiency, Quebec, Alberta, and 
Newfoundland and Labrador have, respectively, the top three average scores and are the 
benchmarks, which might suggest that their power generation companies are better man-
aged than their counterparts in the other provinces or territories. Finally, for scale effi-
ciency, British Columbia, Saskatchewan, and New Brunswick have, respectively, the top 
three average scores and represent the benchmarks for their power generation companies, 
suggesting that resources are likely better allocated in their power generation companies 
compared to the others in the other provinces or territories.  

0.2000

0.3000

0.4000

0.5000

0.6000

0.7000

0.8000

0.9000

1.0000

1.1000

Western Central Eastern Northern

ROTE

BOTEMean

RPTE

BPTEMean

RSE

Figure 3. Efficiency scores of the power-generating companies per region.

4.2.3. Benchmarking of the Power Generation Companies across the Provinces and
Territories

Let us now focus on the provinces and territories. As reported in Figure 4, Mani-
toba’s power generation companies feature the lowest overall technical efficiency and pure
technical (or managerial) efficiency scores. This tells that the inefficiencies of Manitoba’s
power generation companies are mainly due to managerial issues. For the overall technical
efficiency, Newfoundland and Labrador, New Brunswick, and Alberta have, respectively,
the top three average scores and represent the benchmarks for their power generation com-
panies. As for pure technical or managerial efficiency, Quebec, Alberta, and Newfoundland
and Labrador have, respectively, the top three average scores and are the benchmarks,
which might suggest that their power generation companies are better managed than
their counterparts in the other provinces or territories. Finally, for scale efficiency, British
Columbia, Saskatchewan, and New Brunswick have, respectively, the top three average
scores and represent the benchmarks for their power generation companies, suggesting
that resources are likely better allocated in their power generation companies compared to
the others in the other provinces or territories.
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4.2.4. Benchmarking of the Power Generation Companies Based on the Type of Ownership

The results reported in Figure 5 and Table 4 reveal that the publicly owned companies
are overall more efficient in all points of view (overall technical, pure technical (or man-
agerial), and scale efficiencies) when compared to their state-owned counterparts. This
conclusion is clearly supported by the statistical significance of the ANOVA tests presented
in Table 4.
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Table 4. ANOVA test: results of comparison of power-generating companies per ownership type.

Ownership N Statistics ROTE BOTEMean RPTE BPTEMean RSE

Government 177 Mean 0.7102 0.6754 0.7893 0.7532 0.9008
Std. deviation 0.1547 0.1405 0.1423 0.1279 0.1145

Public 118 Mean 0.8113 0.7585 0.8646 0.8053 0.9410
Std. deviation 0.1192 0.1051 0.1113 0.0904 0.0906

Total 295 Mean 0.7506 0.7086 0.8194 0.7741 0.9169
Std. deviation 0.1498 0.1337 0.1357 0.1170 0.1073

One-way F 36.088 30.067 23.509 14.678 10.261
ANOVA p-value 0.000 0.000 0.000 0.000 0.002

4.2.5. Annual Efficiencies of the Power Generation Companies over the Period of
2001–2018

We also investigated the evolution of the efficiency of the power generation companies
over the 18-year study horizon. Table 5 presents a summary of the average efficiency
scores over the 18 years (2001 to 2018), and Figure 6 their trends over the same period.
The results of the one-way ANOVA test show that the overall technical efficiency and
pure technical (managerial) efficiency ratios over the period of the study are statistically
different, which is not the case for the scale efficiency ratios (see Table 5). We can also
observe in Figure 5 that the scale efficiency is almost flat, fluctuating between 0.8982 and
0.9279, and is constantly above the trend lines of the overall technical and pure technical
(managerial) efficiencies. Furthermore, both the overall technical efficiency and the pure
technical (managerial) efficiency are relatively steady from 2001 to 2006, followed by a
small jump in 2007, and a significant decline until 2018, except for two sporadic increases
in 2013–2015 and 2017. Again, the observations above point to managerial issues, even
more significantly over the 2007–2009 crisis, which hit the energy sector.

Table 5. Statistics pertaining to the annual efficiency scores of the power-generating companies.

Year N Statistics ROTE BOTEMean RPTE BPTEMean RSE

2001 15 Mean 0.7993 0.7337 0.8732 0.8027 0.9125
Median 0.7856 0.7644 0.8437 0.8165 0.9921

Std. deviation 0.1909 0.1557 0.1360 0.1021 0.1361

2002 15 Mean 0.8087 0.7477 0.8828 0.8214 0.9151
Median 0.8422 0.8148 0.9422 0.8750 0.9911

Std. deviation 0.1736 0.1466 0.1415 0.1179 0.1174

2003 15 Mean 0.7975 0.7467 0.8779 0.8263 0.9069
Median 0.8162 0.7856 0.9006 0.8666 0.9889

Std. deviation 0.1774 0.1542 0.1390 0.1182 0.1273

2004 16 Mean 0.7989 0.7494 0.8615 0.8121 0.9266
Median 0.8384 0.7787 0.9053 0.8631 0.9869

Std. deviation 0.1668 0.1457 0.1457 0.1264 0.1100

2005 16 Mean 0.7964 0.7507 0.8642 0.8181 0.9178
Median 0.8541 0.7915 0.8849 0.8546 0.9873

Std. deviation 0.1631 0.1472 0.1149 0.1001 0.1194

2006 16 Mean 0.7988 0.7508 0.8685 0.8222 0.9173
Median 0.8162 0.7900 0.8778 0.8370 0.9837

Std. deviation 0.1543 0.1399 0.1116 0.0985 0.1142

2007 16 Mean 0.8144 0.7698 0.8800 0.8362 0.9227
Median 0.8285 0.7969 0.9302 0.8712 0.9864

Std. deviation 0.1620 0.1471 0.1235 0.1080 0.1114
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Table 5. Cont.

Year N Statistics ROTE BOTEMean RPTE BPTEMean RSE

2008 16 Mean 0.7784 0.7357 0.8382 0.7967 0.9279
Median 0.7827 0.7586 0.8561 0.8099 0.9845

Std. deviation 0.1496 0.1337 0.1235 0.1110 0.1082

2009 17 Mean 0.7702 0.7281 0.8290 0.7878 0.9274
Median 0.7658 0.7400 0.8347 0.7968 0.9854

Std. deviation 0.1428 0.1266 0.1132 0.0974 0.1040

2010 17 Mean 0.7390 0.7039 0.8032 0.7676 0.9219
Median 0.7772 0.7320 0.7962 0.7775 0.9786

Std. deviation 0.1252 0.1178 0.1176 0.1090 0.1017

2011 17 Mean 0.7383 0.7042 0.8040 0.7705 0.9170
Median 0.7785 0.7453 0.7954 0.7738 0.9463

Std. deviation 0.1377 0.1297 0.1211 0.1140 0.0958

2012 17 Mean 0.7026 0.6696 0.7684 0.7360 0.9150
Median 0.7001 0.6795 0.7555 0.7302 0.9329

Std. deviation 0.1216 0.1153 0.1202 0.1116 0.0889

2013 17 Mean 0.7288 0.6928 0.7884 0.7474 0.9252
Median 0.7474 0.7183 0.7796 0.7550 0.9541

Std. deviation 0.1346 0.1213 0.1360 0.1152 0.0865

2014 17 Mean 0.7306 0.6960 0.7953 0.7493 0.9229
Median 0.7759 0.7146 0.7917 0.7731 0.9719

Std. deviation 0.1237 0.1134 0.1363 0.1084 0.0958

2015 17 Mean 0.7195 0.6801 0.7829 0.7330 0.9234
Median 0.7389 0.6995 0.7519 0.7227 0.9754

Std. deviation 0.1312 0.1161 0.1418 0.1134 0.1008

2016 17 Mean 0.6745 0.6423 0.7518 0.7113 0.9046
Median 0.6834 0.6519 0.7256 0.7007 0.9525

Std. deviation 0.1241 0.1180 0.1406 0.1199 0.1220

2017 17 Mean 0.6786 0.6434 0.7602 0.7175 0.9011
Median 0.6965 0.6619 0.7132 0.6858 0.9529

Std. deviation 0.1171 0.1076 0.1401 0.1180 0.1150

2018 17 Mean 0.6685 0.6348 0.7531 0.7048 0.8982
Median 0.6941 0.6647 0.7282 0.7052 0.9427

Std. deviation 0.1236 0.1190 0.1535 0.1266 0.1216

Total 195 Mean 0.7506 0.7086 0.8194 0.7741 0.9169
Median 0.7679 0.7334 0.8250 0.7855 0.9767

Std. deviation 0.1498 0.1337 0.1357 0.1170 0.1073

One-way F 1.894 1.721 2.158 2.474 0.114
ANOVA p-value 0.018 0.039 0.006 0.001 1.000
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Figure 6. Annual efficiency scores of power-generating companies.

We also analyzed the year-over-year evolution of the efficiency of each company under
study from the lenses of the MPIs. The geometric means are reported in Figures 7 and 8.
Figure 7 shows an overall decline in the productivity over the entire study period for
all the companies, but two Quebec companies, namely Boralax Inc. and Hydro Quebec.
Hydro Quebec features the highest productivity, with a total factor productivity change
of 1.009 over the 18 years. Overall, the power generation companies show a decline of
productivity, with a total factor productivity change of 0.979, with a technological index
change below 1. We also observe that overall, the companies improved their technical
efficiency, pure technical efficiency, and scale efficiency, which attenuated their productivity
decline. Only two companies (Manitoba Hydro (MN) and Emera Inc. (NS)) had a decline
of the overall technical efficiency. Only one company (Manitoba Hydro) appears to be
poorly managed, with a pure technical efficiency change of 0.983. In addition, only two
companies (BC Hydro (BC) and SaskPower (SK)) operated with decreasing returns to scale
over the 18 years, with a scale efficiency change of 0.999 each. All the other companies
operated under constant returns to scale or increasing returns to scale.

In addition, Figure 8 shows that during the financial crisis period, 2008 was the year
in which the companies experienced a decline in all indexes, similar to 2004, 2016, and 2018.
We can also observe the consistency of these results with those reported in Figure 6.
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4.2.6. Impact of the 2007–2009 Financial Crisis on the Power Generation Companies

Lastly, we assessed whether the 2007–2009 financial crisis had an impact on the
performance of the power generation companies. Toward this end, we divided the 18-year
horizon into three subperiods: 2001–2006 (pre-financial crisis), 2007–2009 (financial crisis),
and 2010–2018 (post-financial crisis). Table 6 reports a summary of the efficiencies scores
over the three subperiods as well as the results of a one-way ANOVA test, and the trends
are illustrated in Figure 9. The results of the test show that the overall technical efficiency
and pure technical (managerial) efficiency ratios are statistically different over the three
periods, while the opposite is observed for the scale efficiency ratios (see Table 6).
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Table 6. Results of the ANOVA test: comparison of the efficiencies of the power-generating companies during the financial
crisis period.

PreFCPost N Statistics ROTE BOTEMean RPTE BPTEMean RSE

PreFC 93 Mean 0.7999 0.7466 0.8711 0.8171 0.9162
Median 0.8301 0.7880 0.8918 0.8557 0.9883

Std. deviation 0.1664 0.1442 0.1284 0.1082 0.1176

FC 49 Mean 0.7873 0.7442 0.8487 0.8065 0.9261
Median 0.8059 0.7693 0.8500 0.8179 0.9854

Std. deviation 0.1495 0.1342 0.1196 0.1054 0.1056

PostFC 153 Mean 0.7089 0.6741 0.7786 0.7375 0.9144
Median 0.7295 0.6983 0.7668 0.7353 0.9622

Std. deviation 0.1262 0.1175 0.1325 0.1143 0.1016

Total 295 Mean 0.7506 0.7086 0.8194 0.7741 0.9169
Median 0.7679 0.7334 0.8250 0.7855 0.9767

Std. deviation 0.1498 0.1337 0.1357 0.1170 0.1073

One-way F 13.464 11.313 16.349 17.397 0.222
ANOVA p-value 0.000 0.000 0.000 0.000 0.801
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Figure 9. Efficiency scores of power-generating companies per subperiod (PreFC, FC, PostFC).

Furthermore, Tukey’s test of multiple comparison of means (Table 7) for the efficiencies
of the power generation companies for the three periods shows that the overall technical
and pure technical (managerial) efficiencies during the pre-financial crisis period (2001–
2006) are significantly higher than those of the post-financial crisis period (2010–2018;
p-values of 0.000) and that the efficiencies during the financial crisis period (2007–2009) are
significantly higher than those of the post-financial crisis period (2010–2018; p-values vary
between 0.001 and 0.003), but there is no significant difference between these efficiencies
during the pre-financial crisis period (2001–2006) and the financial crisis period (2007–
2009; p-values vary between 0.587 and 0.994). For scale efficiency, there are no statistical
differences between the periods regardless of the comparison pairs considered (p-values
vary between 0.785 and 0.991).
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Table 7. Results of Tukey’s multiple comparisons of the means of the efficiencies for the periods
PreFC, FC, and PostFC.

Efficiencies Period Comparison Difference p-Value

ROTE PreFC vs. FC 0.0126 0.873
PreFC vs. PostFC 0.0909 0.000

FC vs. PostFC 0.0783 0.003

BOTEMean PreFC vs. FC 0.0024 0.994
PreFC vs. PostFC 0.0725 0.000

FC vs. PostFC 0.0700 0.003

RPTE PreFC vs. FC 0.0225 0.587
PreFC vs. PostFC 0.0925 0.000

FC vs. PostFC 0.0701 0.003

BPTEMean PreFC vs. FC 0.0106 0.850
PreFC vs. PostFC 0.0796 0.000

FC vs. PostFC 0.0690 0.001

RSE PreFC vs. FC −0.0099 0.862
PreFC vs. PostFC 0.0018 0.991

FC vs. PostFC 0.0117 0.785

5. Managerial Insights

Canadian power generation companies, which significantly contribute to the provin-
cial and national economic development, have been facing substantial challenges due to
the cumulative impact of several federal and provincial regulations, which have impacted
their ability to operate efficiently. These companies have to make substantial modifications
to the production process in order to meet the regulations imposed due to climate change
and other environmental issues, as a low-carbon and clean energy future is envisioned.

The results of our study clearly indicate that the main source of operational inefficiency
in the Canadian power generation companies has been managerial and technical issues
and not scale issues. This has resulted in the inputs not being efficiently used for electricity
production. Therefore, policy makers and industry stakeholders should focus their atten-
tion on improving the operational efficiency of the power generation companies through
streamlining production processes, reducing costs, and making capital investments in new
and improved infrastructure.

The results of our study found that the 2007–2009 financial crisis further impacted the
performance of the power generation companies in Canada. This is especially so because
the United States, which is the biggest power-trading partner, has been widely impacted by
the major economic depression resulting from the 2007–2009 financial crisis. To reduce the
impact of future economic cyclical variations on the Canadian power generation companies,
it is important that knowledge in this area be continuously developed, transferred, and
adapted by the energy industry. This requires a close working relationship of the energy
industry with academia and research organizations through research projects, and continu-
ous trainings and workshops. The energy industry should make use of the operational and
tactical decision- support tools that monitor the production processes and provide process
control information in order to improve their strategic decision making.

Finally, benchmarking of the efficient power generation companies may help man-
agers understand the best practices in the power generation energy sector, and provide
management insights into how the inefficient companies can improve their overall technical
and managerial efficiencies. By studying the companies with superior performance and
comparing the processes of those power generation companies, an inefficient company can
implement changes that might yield significant improvements. The inefficient companies
should adopt new and emerging technologies and business processes that offer innovative
ways of generating social and economic values. Benchmarking may also enhance famil-
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iarity of employees with the key performance metrics and opportunities for continuous
improvement.

The results of our study provide policy makers and energy industry management
with comprehensive details and managerial insights so that future resources may be
reallocated to improve the performance of the power generation companies in Canada.
Nonetheless, these results must be interpreted with caution, as the DEA methodology
has some limitations. Since there is complete weight flexibility in the evaluation of DEA
efficiency scores, it may result in identifying a DMU with an extreme weighting scheme to
be efficient. Such false-positive DMUs may perform well with respect to the input/output
measures considered but may not be following the best overall management practices.
Therefore, the results of the relative efficiencies from this study should be considered along
with other performance measures in the decision-making process.

6. Conclusions

This study assessed the relative efficiencies of Canadian power generation companies
through the non-parametric bootstrap DEA approach. The results of the relative tech-
nical efficiency measures found that although those companies had high levels of scale
efficiencies over the study period, their overall technical and managerial efficiencies were
lower. The lower levels of technical efficiencies suggest that the focus of improvement
in the power generation companies should be on streamlining the production processes,
reducing costs, improving raw material usage, and making capital investments in new and
improved technology. The economic fluctuations and uncertain market demand conditions
have further impacted the performance of the companies. The impact of future economic
recessions can only be reduced if the performance of the Canadian power generation
companies is continuously evaluated and the knowledge developed in this area is regularly
shared with the managers and adapted in the industry for strategic decision making. This
will probably be more challenging in the aftermath of the COVID-19 pandemic, which, at
the time of writing, is hitting the global economies so severely.

The results of this study highlight that the focus of policy measures should be on
improving the production and efficiently using the inputs, using new and emerging
technologies and business processes that offer innovative ways of generating social and
economic values from the inputs in the power generation companies. Our study is unique
in analyzing the performance measures of the Canadian power generation companies with
respect to comparing their overall technical, managerial, and scale efficiencies. However,
our results are limited by the limited input and output data that we were able to collect.
More input and output data would further improve the results, in particular undesirable
outputs such as CO2 and SO2 emissions, in the context of climate change.

In closing, it is worth pointing out that the results presented in the paper are context
dependent, and as a result, though they may provide managerial insights to stakeholders
in the power sector, they cannot be generalized to other contexts. As pointed out in Section
5, the DEA methodology is not without any limitations; therefore, the efficiency scores
calculated in this work should be used along other preface measures in the decision-making
process.
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Notes
1 https://www.nrcan.gc.ca/science-and-data/data-and-analysis/energy-data-and-analysis/energy-facts/energy-and-economy/

20062 (accessed on 3 October 2021).
2 https://www.nrcan.gc.ca/science-and-data/data-and-analysis/energy-data-and-analysis/energy-facts/electricity-facts/2006

8 (accessed on 3 October 2021).
3 https://www.nrcan.gc.ca/science-and-data/data-and-analysis/energy-data-and-analysis/energy-facts/electricity-facts/2006

8 (accessed on 3 October 2021).
4 https://www.nrcan.gc.ca/science-and-data/data-and-analysis/energy-data-and-analysis/energy-facts/electricity-facts/2006

8 (accessed on 3 October 2021).
5 https://www.nrcan.gc.ca/science-and-data/data-and-analysis/energy-data-and-analysis/energy-facts/electricity-facts/2006

8 (accessed on 3 October 2021).
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