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Abstract
In 2013, China announced the Belt and Road Initiative (BRI), which broadly aims to interconnect
over 65 countries in Asia, Europe and Africa through infrastructure investment and economic
development. A flagship component of BRI, the China Pakistan Economic Corridor (CPEC), has a strong
focus on energy infrastructure development. Currently, coal-fired plants constitute half of announced
CPEC energy generation projects and 69% of capacity, throwing doubt on the environmentally friendly
rhetoric surrounding the BRI initiative. This paper seeks to understand the cost and feasibility of using
alternative technologies and a different energy mix as compared to emission-intensive CPEC energy
projects. The levelized cost of electricity, CO2 emissions, and SO2 emissions were calculated for current
CPEC projects using information gathered from Pakistan generation licenses and tariff documents.
Generalized plants, based on current projects and other Pakistan power projects, were then used to build
an optimization model around LCOE and emissions under different constraints Model results show that
there were more cost effective and less polluting options using large re-gasified liquid natural gas plants
and hydro projects. A literature review suggests that political and economic situations originating in
China, as well as political factors in Pakistan, contribute to the use of coal over other technologies.
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EXECUTIVE SUMMARY

Environmental and Economic Impacts of the Belt and Road
Initiative on Pakistan’s Energy Sector
by
Carley Reynolds, Tara Stout, Xiaoguan Wang
April, 23, 2018

In 2013, President Xi announced the Belt and Road Initiative (BRI), stating China’s intention to vastly
expand international investment for infrastructure and economic development in Asia, Europe and
Africa, including transportation, energy, and industry. The scale of BRI is unprecedented—Fitch Ratings
agency estimates more than $900 billion in projects are already planned or underway, and over its
lifetime, BRI may approach $4 trillion. China has announced its intentions to keep BRI “green”,
however, there are no mandatory environmental standards to date. Considering BRI’s potential to
influence recipient countries’ economies and environments, there is a need to assess these impacts, in
addition to recipient countries’ development goals.
One of the key land-based strategies under BRI is the China Pakistan Economic Corridor (CPEC). This
partnership intends to connect northwest China’s Xinjiang Uygur Autonomous Region to southwest
Pakistan’s deep-water Gwadar Port, through significant infrastructure development, including energy.
This focus on energy stems from Pakistan’s deep-rooted energy crisis, which has caused persistent
black-outs and debt. Currently planned CPEC energy generation projects would add about 14 gigawatts
(GW) to Pakistan’s 23 GW of installed capacity as of 2015. Coal capacity makes up about 69% of
planned CPEC capacity. The remaining capacity comes from renewables, mostly hydropower, with
smaller portions of wind and solar.
This report takes BRI investment in Pakistan’s energy sector and resulting greenhouse gas (GHG)
emissions as a case study to assess the environmental-economic tradeoffs of BRI. Specifically, this
paper seeks to answer the question: are CPEC energy generation investments the best option for meeting
Pakistan’s energy needs, or are lower-carbon options economically feasible? To do this, currently
planned CPEC energy generation projects were modeled along with alternative generation projects
under different objectives and constraints.
For the first stage of this analysis, economic metrics and GHG emissions for planned CPEC energy
generation projects were calculated. The economic metrics were capital costs and levelized cost of
electricity (LCOE). Capital costs describe upfront costs associated with building and financing the
generation projects. LCOE is the average cost of generating one unit of electricity over the project’s
lifetime and is used to describe the cost of electricity that is eventually passed on to consumers or
subsidized by the government.
The second stage of this analysis used results for currently planned CPEC generation and modeled them
alongside alternative generation projects. These alternative projects were based on data from existing

generation resources in Pakistan and include technologies not present in CPEC’s portfolio—natural gas
and nuclear power. Using these generation resources, an excel model optimized generation investments
to meet different objectives—minimizing emissions, capital costs, and LCOE—while keeping annual
generation constant. These models were additionally run under different constraints, such as exclusion
of natural gas and nuclear.
The CPEC emissions were calculated to be 51 million metric tons of CO2 annually. For reference, this is
10.3% higher than Pakistan’s total electricity and heating emissions for 2014. Compared to alternative
investment scenarios, CPEC showed a strong focus on keeping capital costs low. On the other hand,
LCOE for CPEC was generally higher than other investment scenarios, which indicates a higher cost to
Pakistan through higher electricity prices. Generally, our model favored increased investment in
hydropower, due to its low emissions and low LCOE.
In the discussion section, some of political factors are explored. China’s domestic energy situation,
particularly the overcapacity of their coal industry and their efforts to curb local pollution, is considered.
The financial actors involved in CPEC are also discussed.
This report makes several key points and recommendations:
•
•

•

•

China’s energy generation investments under CPEC are generally profit driven, and do not
reflect development or environmental goals.
CPEC energy projects were financed exclusively by Chinese commercial banks. Directing
development funds that have been designated for BRI to CPEC energy projects would make
more concessional finance available for generation technologies such as wind and solar.
Models shows hydropower has high potential to both lower the cost of electricity for Pakistan
and reduce greenhouse gas emissions. Improving the management of hydropower projects, to
reduce risk of extended construction time and resulting increases in capital costs, could attract
more investment to this resource.
Future studies can build on this analysis by incorporating health costs and additional
environmental costs into the model. Expanding BRI finance assessments to other countries and
sectors could also help recipient countries understand the long-term effects these projects.
Improving the transparency of BRI investments and project details would help facilitate these
analyses.

Master's Project submitted in partial fulfillment of the requirements for the Master of Environmental
Management degree in the Nicholas School of the Environment, Duke University May 2018
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1. Introduction
In 1988, the United Nations General Assembly underscored the threat of climate change and noted
concerns that increased concentrations of greenhouse gases (GHGs) in the atmosphere “could be
disastrous for mankind if timely steps are not taken at all levels” [1]. Decades of climate negotiations
followed, ultimately producing the Paris Agreement under the United Nations Framework on Climate
Change (UNFCCC) in 2015. The objective of this agreement is to limit the global average temperature to
well below 2°C above pre-industrial levels, with ambition to reach a 1.5°C limit. To date, every country
has signed this agreement, though the United States has made indications of pulling out of the agreement
[2].
To achieve this goal, countries will have to significantly reform their energy sectors, as they account for
72% of global GHG emissions [3]. Many developing countries, however, already struggle to provide
affordable, reliable energy. With increasing population sizes and more urbanization, energy demand is
also increasing. Developing countries in this situation desire environmental solutions that do not
compromise their economic development. This desire is reflected in the Paris Agreement commitments of
many developing countries, where climate change mitigation is often contingent on international
assistance.
One way governments drive energy sector reform is through their investments. According to the
International Energy Agency (IEA), 42% of the 1.7 trillion USD in global energy investments came from
the public sector in 2016 [4]. Many environmental groups argue that governments need to shift these
public funds away from fossil fuels and towards low-carbon investments to achieve their Paris Agreement
commitments [5,6].
Public funds are not only used domestically, but abroad as well. These funds typically flow from
developed countries to developing countries and thus can play a major role in shaping low and middlelow income countries’ energy sectors. From 2013 to 2016, G20 countries and multilateral institutions
financed $38 billion USD for coal projects abroad, and $25 billion for solar, wind, and geothermal [6].
While international investment for fossil fuels still outweighs investment for renewables, this trend is
shifting [5].
Over the years, China has been a major player in international energy finance. From 2013 to 2016, China
invested more than any other country in coal abroad ($15 billion USD). Over the same period, they were
also fifth for renewable energy investments abroad ($0.6 billion USD) [6]. China’s investment in clean
energy, however, is growing rapidly. With a 60 percent year-on-year increase in overseas clean energy
investments, China invested more than any other country in renewable energy abroad in 2016 [7].
At the center of China’s international investment strategy is the Belt and Road Initiative (BRI).
Announced in 2013, BRI is China’s plan to finance infrastructure projects in more than 65 countries
across Asia, Africa and parts of Europe. The flagship initiative is the China-Pakistan Economic Corridor
(CPEC). Under CPEC, China will help Pakistan finance infrastructure projects, mainly for energy,
transportation, and industry.
Currently, there are twenty-six CPEC energy specific projects announced, including coal, solar, wind, and
hydropower, as well as transmission and distribution projects. Of these, twenty are considered “Priority
Projects” that range from operational to still in the permitting stage. The remaining six projects are
considered “Actively Promoted” or “Potential” projects [8].
The environmental impact of these investments has been questioned. While there is a mix of energy
sources, the majority of new capacity would be coal. So far, CPEC coal investments are a combination of
sub-critical and supercritical plants, with no ultra-supercritical plants. Additionally, much of the coal
projects are mine-to-mouth, meaning domestic coal reserves will be tapped. This coal has high sulfur and
4

ash content [9]. Pakistan, however, is experiencing a deep-rooted energy crisis, making development of
cheap energy a significant political, economic and social priority.
This paper seeks to answer the question: Are the Chinese energy generation investments under CPEC the
best option for meeting Pakistan’s energy needs and still environmental friendly as claimed, or are lowercarbon options economically feasible? To do this, the first half of this paper calculates the levelized cost
of electricity (LCOE) for all listed CPEC energy projects, as well as greenhouse gas emissions and other
pollutants. The LCOE is a common way to compare the cost of producing one unit of electricity (usually
$/MWh or $/KWh) across different types of power plants. Optimization models using current CPEC
energy projects and alternative projects were then run to estimate LCOE, total financed cost, and
emissions under different constraints, representing different investment scenarios. Alternative plants were
based on current projects and literature review. Overall, the results of this paper aim to inform BRI
investment policy, as well as help recipient countries, such as Pakistan, weigh economic and
environmental costs of investments.

2. Background
2.1 Belt and Road Initiative
In September 2013, China announced its two new investment initiatives, the Silk Road Economic Belt
and the 21st-Century Maritime Silk Road, collectively known as the Belt and Road Initiative (BRI). The
initiative aims to interconnect countries in Asia, Europe and Africa, with five major goals: policy
coordination, facilities connectivity, unimpeded trade, financial integration and people-to-people bonds
[10]. BRI could potentially be the largest international infrastructure development program ever led by
one country. Fitch Ratings agency estimates more than $900 billion in projects are already planned or
underway, and may approach $4 trillion over its lifetime [11,12]. Over the next decade, China is expected
to invest over $150 billion per year in more than 65 countries [13].
Projects under the BRI umbrella range from energy to transportation to industrial parks. However, what
exactly makes a project officially fall under BRI is unclear. As an initiative rather than a strategic plan,
BRI has been described as more of a “philosophy” than a concrete guide for investments [12]. Still, BRI
has been a high priority for President Xi, and was even written into the Chinese constitution [14]. As a
result, Chinese companies, banks, and other actors are moving to align themselves with BRI, despite its
vague nature [15].
Much of the $900 billion in finance is expected to come from Chinese policy banks and commercial
banks. One of BRI’s financial instruments is the Silk Road Fund. In 2014, President Xi pledged US$ 40
billion to establish the fund. The majority of this capital (65%) comes from China’s foreign currency
reserves, while the remaining 45% comes from China Investment Corporation, China Development Bank,
and the Export-Import Bank of China [16]. China’s “big four” state-owned commercial banks are also
reportedly raising funds for BRI [17].
The environmental integrity and sustainability of BRI has been widely questioned. On one hand, China
has announced intentions to keep BRI “green”, releasing its “Guidance on Promoting Green Belt and
Road” in May of 2017 [18]. Separate from BRI, the Chinese government also produced a document
following their International Green Finance Seminar in Beijing. Titled “Environmental Risk
Management Initiative for China’s Overseas Investment”, the document calls for consideration of
environmental, social and governance factors and greater information disclosure for investments. The
significance of these documents has been questioned, however, as they contain no legally binding
regulations [19]. Additionally, China has heavily funded coal in BRI countries. Despite year to year
fluctuations, Chinese coal investment in these countries has overall increased from 2001 to 2016 [20].
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By contrast, the largely China-led Asian Infrastructure Investment Bank (AIIB) has presented their
operations as “Lean, Clean, and Green”, claiming they will operate under strong environmental standards.
This multilateral development bank was proposed by China the same year BRI was announced, and
commenced operations in 2016. Although proposed by China, AIIB has 84 member states and over $100
billion in capital. Following their annual meeting in 2017, they released their Energy Sector Strategy
which allows coal and oil projects so long as they replace less efficient generation or are integral for the
reliability of the energy system. While AIIB has been celebrated for pursuing clean investments, some
groups were disappointed they left room for possible coal investments [21].
2.2 Pakistan—Energy and Climate
Starting around the turn of the 21st century, Pakistan struggled with a significant gap in energy demand
and supply. By 2006, the gap had equaled half of the country’s generating capacity. For 2014 to 2015,
installed generating capacity actually met peak demand; however, other issues including high petroleum
prices, low availability of indigenous sources, circular debt, and transmission and distribution (T&D)
losses created a shortfall of about 4743 megawatts (MW). Because of this gap, Pakistan’s cities
experience blackouts for 10 to 12 hours a day, and up to 18 hours a day in villages [22].
As of 2015, Pakistan’s installed electricity generation capacity was about 23 gigawatts (GW) and
consisted of natural gas (45%), hydroelectric (hydel) (32%), and oil (13%). Solar, nuclear, and wind made
up a small portion (9%). Only 150 MW of coal capacity was installed (<1%). Not all renewable capacity
is used for generation. Non-hydro renewable energy only made up about 1% of generation in 2015 [23].
Pakistan currently has a target to reach 5% of non-hydro renewable energy generation by 2030, but this
target is expected to increase to 15%.
Several factors contributed to Pakistan’s energy crisis. In the 1980s, when oil prices were low, Pakistan
invested heavily in petroleum-fueled thermal generation. With essentially no indigenous oil sources,
Pakistan relied on imported oil. When prices rebounded, Pakistan’s cost for energy increased, creating a
significant burden on the economy and hindering the ability of thermal plants to meet growing energy
demand. To reduce oil consumption, in 2005 the government made natural gas available to the
transportation sector. Unfortunately, natural gas also played a significant role in electricity generation and
this decision further strained already dwindling gas reserves. The government also failed to continue
development of hydropower, which once constituted a significant share of their generation [22].
Financial issues have also plagued Pakistan’s power generation. In addition to costly oil imports, T&D
infrastructure is highly subsidized to keep electricity prices low and reduce the burden on consumers.
These subsidies, however, have been criticized for not benefiting the populations that need them most.
Only 0.3% of subsidies went to the poorest consumer in 2012 [24]. Another problem came after the
increase in generation through the private sector, starting after 1994. The government failed to pay back
the independent power producers (IPPs), and without this revenue, it became difficult for the IPPs to
operate at optimal capacity [22].
Pakistan’s Nationally Determined Contribution (NDC) under the Paris Agreement strongly reflects their
energy sector challenges. In 2015, their energy sector was responsible for 45% of total emissions, more
than any other sector. Electricity generation and heat accounted for the largest share of Pakistan’s energy
emissions and about 12.8% of their total 2014 emissions (Figures 1 & 2). Their NDC projects baseline
total emissions will almost quadruple from 2015 to 2030. Over this period, they expect the share of
energy sector emissions will expand to 56%, as shown in Figure 2. The NDC notes they will inevitably
need coal and nuclear to close their energy gap, but also expect natural gas, wind, and hydro power to
play an increasing role. The red dashed line in Figure 2 shows Pakistan’s Paris Agreement commitment to
reduce their emissions by 20% of their projected baseline emissions by 2030 [25].
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2.3 China Pakistan Economic Corridor
Announced in 2015, the China Pakistan Economic Corridor (CPEC) is one of the key land-based
strategies under BRI. The partnership is meant to connect southwest Pakistan’s deep-water Gwadar Port
with northwest China’s Xinjiang Uygur Autonomous Region. CPEC has been described as a “framework
of regional connectivity” that “will not only benefit China and Pakistan but will have positive impact on
Iran, Afghanistan, India, Central Asian Republic1, and the region” [26]. Similar to BRI, CPEC has very
little public information on how it will be executed.
While CPEC projects cover multiple sectors, power generation and T&D infrastructure make up a
significant component of CPEC. The cooperation with China is expected to ease Pakistan’s energy crisis.
The twenty “Priority Projects” alone would increase capacity by over 11 GW, and all 21 projects would
add almost 14 GW of generating capacity. Coal would make up 69% of added capacity, hydro 21%, wind
3%, and solar 7%. Based on the twenty-two projects that have “estimated costs” listed on CPEC’s website
(twenty Priority Projects and two Actively Promoted Projects), the current price tag is over US$26 billion
[8].
Map 1. CPEC Projects by Generation and Type

While the CPEC website provides an official list of energy projects, there is still uncertainty over what
exactly qualifies as a CPEC project. Most notably, several nuclear reactors financed by China have been
referred to as CPEC projects by the Chinese government media, on the Chinese State Council website and

1

“Central Asian Republic” in this quote may refer to the countries of Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, and Uzbekistan; however, the term is outdated as it was used to refer to
constituent countries under the former Union of Soviet Socialist Republics.
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the construction company’s website (the China National Nuclear Corporation) [27,28,29]. For the
purposes of this study, the official CPEC website was used as a complete list of CPEC energy projects.
2.4 Project Financing
The total estimated cost of the projects adds up to more than 22.4 billion USD. The immense scale of the
loans makes low-cost financing options particularly important for Pakistan’s long-term development.
There are tremendous debates on the financing burden of CPEC on Pakistan for the next 10 to 20 year
repayment period. Therefore, this section explores the financing schemes for the CPEC energy
infrastructure projects. All information was retrieved from tariff determination documents from the
Pakistani National Electric Power Regulatory Authority (NEPRA).
The Belt and Road Initiative advertises itself for offering affordable financial assistance to BRI member
countries through low or even zero interest-rate concessionary loans [30]. However, the CPEC energy
projects do not benefit from these low-cost financing options and rather face less competitive floating
interest rates ranging between 4.5% and 5% in addition to London Inter-bank Offered Rate (LIBOR).
Besides interest rate, Chinese banks also demand upfront export insurance fee and financial fees in
proportion to the loan amount. The debt-to-equity ratios are also high for these energy infrastructure
projects. Therefore, a relatively high interest rate and other relevant fees impose significant financial
burdens to these projects.
Based on current USD LIBOR (the quarterly and semi-annual USD LIBOR are above 2%), the
corresponding interest rate for the CPEC energy projects are between 6.5% to 7.5%. For comparison,
World Bank has financed Pakistani infrastructure projects with interest rates between 5% and 8.5% [31],
and the average Pakistan market interest rates is around 11% [32]. The interest rates are not as low as BRI
has initially advertised, but there is a rationale behind higher interest rate for energy infrastructure
projects.
Different from other infrastructure projects, CPEC energy projects will be constructed and operated by
private power producers instead of the Pakistani government. The repayment of loans and interests will
also be fulfilled by the private power producers. The return on equity for CPEC energy projects are
generally between 18% and 35%, allowing private producers to afford higher interest payments. The
interest rates are affordable because these energy projects generate reasonable profits, but the interest
rates are not low enough to make other financing options uncompetitive (i.e. World Bank, Asia
Development Bank), especially after taken into account of the Sino Sure and other financing fees. More
details on project financing are presented in Appendix 1.
2.5 Health Impacts of Coal
While supporting coal projects in Pakistan, China is shutting down and cancelling coal projects at home
to combat air pollution. In 2017, China’s National Energy Administration cancelled more than 100 coal
projects that were planned or under construction, eliminating at least 120 gigawatts of the country’s future
coal-fired capacity [33]. The Ministry of Environmental Protection banned the use of coal in 28 cities,
including heavily polluted regions like Beijing and Tianjin. This year’s Government Work Report claims
that China has reduced the output of coal by at least 800 million tons over the past five years. During the
same period, more than 200,000 boilers, which burned coal and were used for residents heating or
industrial purposes, were closed [34].
The plans to reduce coal consumption were first initiated in 2013 in response to the air pollution crisis
[35]. China has been seriously affected by air pollution with major cities in northern China reporting
particulate matter (PM) 2.5 in the air from 300 to 1,000 micrograms per cubic meter. Such high levels of
particles are hazardous to human health and can cause lung disease, emphysema, lung cancer, or
premature death. Coal is the single largest contributor to PM 2.5 in China and studies found that burning

9

coal caused 366,000 premature deaths in China in 2013 [36].There is evidence of coal's impact on human
health during every stage of its use for electricity generation from mining to post-combustion disposal.
Developing massive coal in Pakistan can lead to acute health crisis. The Pakistan coal, largely known as
the Thar coal, has higher sulfur content (1.38%) compared to coal from Australia and Indonesia (0.40.85%)2. Although the power plants use gas desulfurization equipment to clean sulfur from the smoke,
emission is inevitable. The sulfur dioxide emission will contribute to acid rain and respiratory illness.
More importantly, the power plants being built to process Thar coal are all sub-critical, indicating low
efficiency. As consequence, the power plants require more coal inputs to generate the same amount of
energy output as required by supercritical plants. More coal inputs indicate more emissions, more
pollutions and greater health impacts.
Besides type of technology and quantity, health impacts of coal also depend on other factors such as
topography and distance to populated regions. Unlike Greenhouse gases emissions which effects are
global, the smog forming emissions’ effects are local, regional, and national [37]. The shorter distance
from plants to populated regions the greater the health impacts.

3. Methods
3.1 Data
Information on promoted energy projects under CPEC, as part of BRI, was collected from CPEC’s
official website, cpec.gov.pk. Of the twenty-six projects listed on the website, twenty-three are generation
projects, two are transmission projects, and one is a mining project. Two of the coal-fired generation
projects are being developed together with surface mines. Due to the objectives of this paper, we only use
the twenty-three generation projects and do not include surface mine costs or transmission lines (Table 1).
Of these twenty-three projects, seventeen are classified as “Priority Projects”, four are “Actively
Promoted Projects”, and two are “Potential Projects”. Priority Projects are the furthest along and thus
have the most information available, while Potential Projects and Actively Promoted Projects are in
earlier stages of development.
The 1000MW Quaid-e-Azam Solar Park was not built all at once. Currently, only the first 100 MW is
built, with the remaining 900 MW added as a separate project. Because there are only a generation license
and tariff document for the initial 100 MW, the project information was based on a scaled-up version of
the 100MW project. These projects need to be separated in the model because LCOE calculations are
very sensitive to the annual generation. A list of CPEC project numbering vs the numbering system used
in the model can be found in the Appendix.
Table 1. CPEC Energy Projects*
Project Name

2

Characterization

1

Coal-fired Power Plants at Port Qasim Karachi

Priority

2

Suki Kinari Hydropower Station

Priority

3

Sahiwal Coal-fired Power Plant

Priority

4

Engro Thar Block II Coal fired Power Plant

Priority

As reported in the tariff documents.
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5

TEL Mine Mouth Lignite Fired Power Project

Priority

6

ThalNova Mine Mouth Lignite Fired Power Project

Priority

7

Surface mine in block II of Thar Coal field

Priority

8

Hydro China Dawood Wind Farm

Priority

9

Imported Coal Based Power Project at Gwadar

Priority

10

Quaid-e-Azam Solar Park

Priority

11

UEP Wind Farm

Priority

12

Sachal Wind Farm

Priority

13

SSRL Thar Coal Block-I &SEC Mine Mouth Power Plant

Priority

14

Karot Hydropower Station

Priority

15

Three Gorges Second Wind Power Project

Priority

16

Three Gorges Third Wind Power Project

Priority

17

CPHGC Coal-fired Power Plant

Priority

18

Matiari to Lahore ±660kV HVDC Transmission Line

Priority

19

Matiari (Port Qasim) —Faisalabad Transmission Line

Priority

20

Thar Mine Mouth Oracle Power Plant & surface mine

Priority

21

Kohala Hydel Project

Actively Promoted

22

Rahimyar khan imported fuel coal Power Plant

Actively Promoted

23

Cacho Wind Power Project

Actively Promoted

24

Western Energy (Pvt.) Ltd. Wind Power Project

Actively Promoted

25

Phandar Hydropower Station

Potential

26

Gilgit KIU Hydropower

Potential

*Italicized projects are not generation projects and therefore were not included in analysis.
Data for CPEC energy projects were primarily collected from three different sources: the official CPEC
website, generation license applications, and tariff determination documents. Both the generation license
applications and tariff determination documents are published by NEPRA. Table 2 outlines data collected
from these documents. Not every variable was needed for every project. For example, fuel consumption
and fuel price were only needed for coal projects and water charge was only needed for hydro projects.
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All emissions-related variables were only relevant for coal projects. For some CPEC projects, variables
were missing from documents, and calculated estimates or information from outside sources were used to
fill in needed information. Table ii in Appendix 2 shows all plant data sourcing.
Table 2. CPEC Energy Project Data Collected
Variable
Units
Nameplate Capacity

Megawatts (MW)

Project Life

Years

Upfront Costs

Million USD

Capacity Factor

--

Annual Generation

Megawatt hours/year
(MWh/year)

Fixed O&M Costs

USD/kWh or Million USD/year

Variable O&M Costs

USD/kWh or Million USD/year

Insurance Costs

Million USD/year

Water Charge

USD/kWh

Fuel Consumption

g/kWh

Fuel Price

USD/Metric ton

Desulfurization Technology

--

Coal Type

--

Coal Carbon and Sulfur content

%

Some projects, at the time of this writing, do not have a tariff document or a generation license. These
project numbers were estimated from a similar CPEC project through directly using the other project’s
numbers or scaling them to the generation. For example, neither a generation license nor tariff document
could be found for the Imported Coal Based Project at Gwadar. We do know, however, that its generation
is 300MW from the project description on the official CPEC website. Assuming similar technology, we
can scale the numbers from the 1320 MW Imported Coal Project at Port Qasim. This assumption likely
underestimates the actual LCOE because there are some costs, such as land, that don’t depend on MW
size. This would mean that the capital costs are actually higher than what the scaled estimate would
suggest. In this case, the underestimate is preferable to give coal projects the fairest representation.
Additionally, many of the projects, especially coal, had very similar numbers in the documents submitted
to NEPRA. These similarities are likely due to the builder’s assumptions that if certain numbers went
through the regulatory authority on one project, it would with another. In other words, as Port Qasim was
the first CPEC imported coal project, it seemed to set a precedent for future CPEC imported coal projects.
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The same is true for Thar Block projects, which are local coal based mine-mouth projects. Potentially,
this means that projects are expected to perform similarly across Pakistan. However, local conditions can
affect plant performance. Therefore, these similar numbers might be a simplification, suggesting that
actual plant generation and efficiency will be different from what was given to NEPRA initially.
The authors’ largest assumption comes from the need to use NEPRA documents for non-CPEC natural
gas and nuclear power plants. The nuclear power plant used was built with help from Chinese companies
and using Chinese reactors, so these numbers should accurately reflect a project under CPEC [38].
However, The Uch natural gas plant was built by a French company ENGIE [39]. This might still be a
good indicator of foreign aid for an energy project, but it isn’t Chinese. Additionally, Quaid-e-Azam
Thermal Power (Private) Limited, a Pakistani government company, owns the re-gasified liquid natural
gas (RLNG) plant. These assumptions are mostly reflected in financing numbers and the authors
recognize the limitations of using these plants in the model. However, the capital cost and fuel costs are
unlikely to be affected, which make up a large portion of the LCOE. Additionally, the LCOE calculated
for both of these plants are very competitive with other technologies in CPEC, suggesting that these are
reasonable assumptions.
This research was done with the most up to date CPEC information provided on the official website.
However, the website is likely to update when more projects are added. Additionally, other websites
include other projects attributed to CPEC that were not on the government website. As more projects are
added, the results of this analysis would change to reflect new energy mixes and emissions. Also, the
model would have a new baseline generation, a different average LCOE, and a greater overall cost to take
into account. However, these changes are straightforward to make if the same type of information is
available for the new projects.
Pollution Data: For all coal projects, pollution-relevant data are collected from tariff documents, which
includes sulfur, carbon, and nitrogen content and relevant techniques that the plants use to handle the
emissions. Tariff documents of some projects present detailed chemical contents of their design and coal,
while some projects only reveal the origins of the coal sources. To derive emissions for all coal projects,
calculations assume that coal from a particular region have similar chemical contents.
3.2 LCOE Calculations
Using the data collected on the CPEC energy generating projects, the levelized cost of electricity (LCOE)
and emissions for each project were calculated. LCOE measures the average cost of generating one unit
of electricity for a generating system over its lifetime. LCOE was calculated by summing annual
operation and maintenance (O&M) costs both fixed and variable, annual fuel costs, and annualized capital
expenditure (CAPEX) then dividing by annual generation (Equation 1). Annual generation was
calculated using the reported nameplate capacity and capacity factor, a percentage representing how long
the plant is actually turned on during a year (Equation 2).
Equation 1.
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Estimates for financing costs are often used when determining the full capital expenditure for LCOE
calculations. However, in the tariff calculations published by NEPRA, most projects had both the upfront
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cost and the total cost after financing. We used the full financed numbers given by NEPRA documents in
our LCOE calculation if given.
3.3 Emissions Calculations
This paper focuses primarily on CO2 emissions, but SO2 emissions were also estimated for coal-fired
power plants. Both CO2 emissions and SO2 emissions were calculated based on the properties of coal used
(heat content3, carbon content and sulfur content) and the amount of coal used by the plant. Information
about the heat content and makeup of coal was gathered from the tariff documents and generation
licenses. Coal consumption (g/kWh) was either given or calculated from the power plants net efficiency
and the heat content of the coal. In other words, the amount of energy that could be obtained from the coal
is a function of the properties of the coal itself and how much of that energy is taken out in the power
plant combustion process.
Emissions for the alternative natural gas plants were also calculated based on fuel properties (i.e. heat
content and carbon content) and fuel consumption. Like the coal emissions calculations, fuel consumption
was calculated as a function of heat content and power plant efficiency. Interestingly, the heat content of
natural gas was given in kg/kJ in the tariff documents. Usually, natural gas is measure in volumes, but
since the conversion of the amount of natural gas to CO2 isn’t unit specific, these numbers were still
meaningful in determining emissions estimates.
After fuel consumption is calculated, carbon and sulfur contents were used to estimate emissions. For
both coal and natural gas combustion, stoichiometric ratios were used to determine the carbon dioxide to
carbon (CO2:C) ratio. The combustion process for both can be characterized by the reactions in Table 3.
Table 3. Combustion reactions and stoichiometric ratios used for emission calculations.
Fuel

Reaction

Mole Ratio

CO2 / C ratio

Coal

C[s] + O2[g] -> CO2[g]

1:1

44/12

Natural Gas

CH4[g] + 2 O2[g] -> CO2[g] + 2 H2O[g]

1:1

44/12

Using these ratios assumes complete combustion, which for a modern, well run power plant with enough
oxygen in the boiler, is reasonable. These ratios, along with the carbon content (%) within the fuel itself
and fuel consumption, give us an estimate of CO2 emissions for each power plant.
These emission estimates do not include emissions from construction of plants, transportation of fuel, or
other emissions that go into the process of building and running power plants. The only emissions
calculated are those from burning fuels. Not including these other emissions values allows future,
potential plants to be comparable to current plants. This is because information future plants’ locations are
unknown, so these extra emissions cannot be estimated.
3.4 Optimization Model
The purpose of the optimization model is to see if there are economically reasonable (low cost) and
environmentally friendly (low emission) alternatives to the types of plants chosen for the CPEC projects.
The model is meant to be useful in exploring various alternative interests and suggesting if there are any
cost effective and environmentally friendly options that that warrant future investigation for involved
3

Heat content of a fuel refers to the amount of heat (energy) released by the combustion of a
specified amount of fuel
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parties in both Pakistan and China. Additionally, it might provide a simple model for other BRI countries
to use in exploring investment potentials for different energy technology mixes.
In order to simplify and further generalize this model, fifteen generalized plants were created based on
current CEPC projects for coal (Pakistan domestic and imported coal), wind, solar, and hydro power.
Natural gas (domestic and imported RLNG) and nuclear plant information had to be drawn from other
projects Pakistan as described in 2.1. For the generalized plants based on CPEC project, the plant
information was averaged based on name plate generation (MW) because half a generator, for example,
cannot be built. In other words, these generation amounts are discrete values. Therefore, there are
multiples of each type of plant based on the range of generating capacity in the CPEC projects.
The model uses Excel Solver to choose, based on various constraints, how many of each of these eight
plants to build. The Generalized Reduced Gradient (GRG) nonlinear and Evolutionary solving methods
are used because the discrete number of plants cause the weighted average LCOE and the percent
renewable/thermal constraints are not linear in the solution space. The Evolutionary method was used
exclusively when constraining renewable/thermal ratios because this addition made the solution space
unsmooth. The main constraint is keeping total annual generation greater than or equal to the current
CPEC generation. Additionally, the maximum number of any type of plant is ten. This constraint is used
to try and spread the energy mix out to simulate risk reduction in using various technologies
The scenarios tested were created to help understand the relationship between costs, both of the average
LCOE and of the total capital expenditure, and emissions. The average LCOE is meant to capture
profitability to power plant owners. The total capital costs reflect the debt incurred for the projects. The
fifteen different scenarios tested are:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Minimize total costs
Minimize emissions
Minimize average LCOE
Minimize costs while keeping emissions lower than the current CPEC emissions
Minimize emissions while keeping costs lower than the current CPEC costs
Minimize average LCOE while keeping emissions lower than the current CPEC emissions
Minimize emissions while keeping average LCOE lower than the current CPEC average LCOE
Minimize costs while keeping the renewable generation greater than 30%
Minimize average LCOE while keeping the renewable generation greater than 30%
Minimize emissions while keeping the thermal generation greater than 30%
Minimize emissions while keeping the thermal generation greater than 50%
Minimize emissions while keeping the thermal generation greater than 70%
Minimize total costs without the potential of nuclear or natural gas plants.
Minimize average LCOE without the potential of nuclear or natural gas plants.
Minimize emissions without the potential of nuclear or natural gas plants.

The first three give an overall baseline for the model focusing on the three optimization parameters one at
a time. Items 4-7 investigate if there are scenarios where the parameters can be minimized while making
costs or emissions the same or better than what CPEC projects currently have. Scenarios 8-12 look at
ensuring certain energy mixes between thermal and renewables, which can be an important factor in
maintaining reliable base-load power. Items 13-15 focus on seeing what the optimization looks like if
there are no natural gas or nuclear power plants as these types of plants were not used in CPEC projects.
This model does not capture political motivations for certain plants, spatial distribution and grid
connection needs, or risk estimates. Some of these issues are explored in the discussion section of the
paper.
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Additionally, because the model uses multiples of the same plant, if there were a plant built with more or
less generation, this would change the LCOE and alter the estimates. The model is not meant to capture
the full range of LCOEs, but rather to create comparable alternatives the current CPEC projects. With this
basic model and information in place, interesting avenues can be identified for further research with more
sophisticated models that can capture a greater range of variability.

4. Results
4.1. Generation Technology Analysis
This portion of our results provides additional background and Pakistan specific considerations for
different generation technologies used to refine our model. The feasibility of coal, natural gas, oil,
nuclear, hydropower, wind and solar are considered. This analysis was used to determine what alternative
plants would be available for our model and any additional constraints.
C OAL: Coal is widely regarded as a cheap source of energy. As a generation source that has been widely
used for a long time, the technological feasibility and financial viability are generally considered safe
investments.
Pakistan has considerable domestic coal reserves, concentrated in the Tharparker desert in the Sindh
province, estimated at 185 billion tons. In 2004, the Pakistani government estimated, if used properly,
half of these reserves could provide 100,000 MW of electricity for 30 years [40]. These reserves,
however, are potentially high in sulphur and ash content [9].
Of the ten CPEC coal projects, half will use domestic Thar coal and half will use imported coal. The Thar
coal plants use subcritical technology while the imported coal plants use more efficient supercritical
technology. Supercritical coal plants require higher capital costs, but also reduce the amount of coal
needed per unit of electricity generated.
Coal-fired thermal plants currently make up less than 1% of Pakistan’s installed generation capacity;
however, it is expected to play an increasingly important role [25]. Coal plants make up 69% of planned
CPEC capacity. Because of its high priority in Pakistan’s energy policy and significant presence in
CPEC’s current portfolio, our model includes alternative coal plants. Because of the vast size of
Pakistan’s Thar block, we allow our model to assume additional Thar plants could be built. Our model
also allows for additional imported coal plants.
N ATURAL G AS: Currently Pakistan’s primary energy source, natural gas accounts for 45% of installed
electricity capacity and about half of the country’s total primary energy supply (TPES). Pakistan’s
domestic natural gas reserves, however, are declining. In response, Pakistan has turned to imported gas
[41]. In 2016, Pakistan’s natural gas imports increased over threefold from 2015. In 2017, Pakistan’s
Petroleum Minister said imports could increase from 4.5 million tonnes to over 30 million tonnes by 2022
[42].
To accommodate this planned increase in natural gas imports, Pakistan has been building out natural gas
transportation infrastructure. In 2015, Pakistan built its first LNG terminal in Port Qasim. A second LNG
terminal went online at the end of 2017 and a third is expected to go online in 2019 [42,43]. Additionally,
two pipelines are under construction—the Iran-Pakistan pipeline (also known as the Peace pipeline) and
the Turkmenistan–Afghanistan–Pakistan–India Pipeline (TAPI). While Iran has made significant progress
on its portion of the Iran-Pakistan pipeline, Pakistan has greatly delayed construction on their side of the
border. Construction of the TAPI Pipeline has begun in Turkmenistan and Afghanistan [44].
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Considering the increase in LNG terminals and natural gas pipelines, we included both imported natural
gas and domestic natural gas options in our model.
O IL: Pakistan’s economy relies heavily on oil—in 2015, oil made up 13% of installed electricity
generation capacity and about one third of their TPES. The country chose to invest in significant oil
infrastructure in the 1980s when prices were low, despite having little domestic reserves. When prices
rebounded, they became reliant on expensive oil imports—making up about two-thirds of oil supply [45].
Furthermore, domestic oil reserves are expected to run out by 2025[46]. Currently, there are no CPEC
projects for oil thermal power plants.
In a 2015 essay, Musadik Malik, energy advisor to former Prime Minister Nazwaz Sharif, outlined the
three main challenges faced by Pakistan’s energy sector—the demand/supply gap, affordability, and
inefficiencies. In regard to affordability, he cited their oil dependent energy mix as the primary burden
[46].
Because of the high cost of imported oil and Pakistan’s dwindling domestic reserves, we excluded oil
thermal plants from our model. This decision is supported by Pakistan’s stated objectives for pursuing a
different energy mix.
H YDEL (H YDROPOWER ): Hydel is currently Pakistan’s largest source of renewable energy generation,
making up 32% of their installed electricity generation capacity. This technology is expected to continue
to play an important role in meeting energy demand. However, large hydel projects take longer to
implement than thermal plants. One study found that hydel projects in Pakistan on average ran over
planned completion time by 200% and incurred 2.5 times more cost than originally estimated [47].
Because of these long-time horizons, hydel is considered part of a long-term strategy and not capable of
addressing immediate energy demand.
In the 1960s, hydel made up over half of Pakistan’s power generation, but over the decades the
government failed to continue hydel development as demand rose. The three largest hydel plants in
Pakistan are the Mangla Dam (1000 MW), the Tarbela Dam (3478 MW), and the Ghazi-Barotha Dam
(1450 MW), operational since 1967, 1974 and 2002, respectively [48].
Several large hydel projects are currently under construction. Stage I of the Dasu Dam (2160 MW) is
expected to come online in 2023 and the Neelum-Jhelum hydropower plant (969 MW) is expected to
come online by the end of March 2018. CPEC’s current portfolio has five hydel projects, most notably the
Suki Kinari Hydropower Station (870 MW), Karot Hydropower Station (720 MW), and the Kohala Hydel
Project (1100 MW) [8].
Pakistan’s Private Power and Infrastructure Board has reported an estimated 60,000 MW of hydel
potential in Pakistan, of which only about 12% has been developed [8]. Pakistan’s NDC has further
specified the potential of micro- and small-scale hydropower at 3,000 MW [25].
We include hydel in our model because of its high potential in Pakistan, low LCOE, and significant
presence in CPEC’s energy portfolio.
N UCLEAR : While nuclear generation only accounted for five percent of installed capacity in 2016 (1280
MW), it is expected to grow to nine percent (9630 MW) by 2030. Nuclear has the benefits of providing
non-intermittent, zero-emission generation. Pakistan’s NDC estimated these additions would avoid an
annual 21.7 to 56.8 million tons of CO2 equivalent by 2030 [25].
Pakistan currently has five operational reactors—Karachi 1 and Chashma reactors 1-4. Additionally, two
reactors, Karachi 2 and 3, are under construction and another, Chashma 5, is being planned. These three
reactors would add 3483 MW to current capacity [49].
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China has played a significant role in the development of nuclear in Pakistan, including finance, reactor
design, construction contracts, and reactor fuel provision. Notably, China provided 82% of finance for
Chashma reactors 3 and 4 and Karachi reactors 2 and 3 [49]. As discussed in the methods section, these
projects were not included as official CPEC energy projects, as they were excluded from the CPEC
official website.
We speculate that political factors have influenced excluding these Chinese funded nuclear projects from
the CPEC website. Pakistan is not party to the Nuclear Non-Proliferation Treaty, due to its nuclear
weapons program, meaning its mostly excluded from trade in nuclear plant or materials [49]. Despite
international efforts at non-proliferation, China and Pakistan have a long history of nuclear cooperation
that many speculate goes beyond civil development [50].
While these political factors may play a role in the public presentation of nuclear projects as part of
CPEC, China and Pakistan’s long-standing history of nuclear cooperation and current projects indicate
nuclear is nonetheless part of their energy strategy. Therefore, we include generalized nuclear plants as an
option in our model.
S OLAR AND W IND: As of 2016, solar and wind power made up 7% and 2% of Pakistan’s installed
capacity, respectively. However, only 1% of generation came from wind and a negligible portion came
from solar. Pakistan currently has a target to reach 5% of non-hydro renewable energy generation by
2030, but this target is expected to increase to 15%. Currently CPEC includes 399 MW of wind capacity
and 1000 MW of solar capacity.
Geographically, Pakistan has a high potential for solar and wind generation. Several organizations have
mapped the potential of these resources in Pakistan [51,52,53]. Pakistan has long, sunny days, with about
eight to ten hours of sunlight a day and high solar radiation and insulation. One assessment placed
Pakistan’s solar potential at 1600 GW annually [22]. Estimates for Pakistan’s technical potential for wind
power range from 346 to 360 GW, roughly fourteen times their total generation capacity in 2016 [54].
Pakistan’s energy policies are also evolving to promote renewable energy development. In 2015, Pakistan
introduced net metering policy to encourage distributed solar and wind adoption. Upfront feed-in-tariffs,
used to guarantee long-term payback to project developers for generation produced, have also continued
to decline on a yearly basis. Finally, Pakistan implemented tax emptions for renewable energy projects in
2006, including income tax exemptions, customs duty and sales tax exemptions, and exemption from
payment of Zakat for non-Muslims and non-residents [55].
Considering solar and wind’s alignment with Pakistan’s energy goals and policies and their high technical
potential, we include these energy sources in our model.
4.2 LCOE Results
Pakistan CPEC calculations produced LCOE estimates from $23.50/MWh to $83.99/MWh (see Figure 3).
For comparison, this value ranges from about $40/MWh to $350/MWh in the United States [56].
The authors expect the calculated LCOEs to be underestimates of actual costs for three reasons. First, the
tariff documents authorized by NEPRA determine what the power producer is allowed to charge.
Therefore, NEPRA negotiates with power producers on what their actual costs are to reduce these
estimates to their bare minimum. NEPRA recognizes that the power producers still need to turn a profit
for long term plant stability, so often power producers will renegotiate the tariff to a higher number after
the plant is operational. The first estimates, however, might be low, especially because they set a
precedent for future, similar plants.
Second, there are many problems that can arise during the building of a power plant. The tariff estimates
don’t account for any of these large problems. As was stated for hydropower projects, often poor
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management and other political factors can influence the build time of the power plants, increasing the
costs dramatically.
Third, the calculated LCOEs are heavily based on the capacity factor. The operational uptime of a power
plant can be extremely variable based on a multitude of conditions, but is mostly based on electricity
demand. However, plants also go down because of maintenance needs, power outages, and grid
instability. Additionally, renewable resources rely on the resource to be available. For example, water
levels need to be sufficiently high to run hydropower plants, which is a problem in the summer, and solar
power plants cannot operate at night. Due to Pakistan’s current grid instability, it is possible that the
capacity factors of these plants are overestimated, increasing the calculated generation, and lowering the
overall LCOE.
The LCOE calculations show that hydropower in Pakistan is very cost effective and has the lowest LCOE
(See Figure 3). This is due to hydropower plants having relatively high generation capacities, but low or
no costs for fuel. The next lowest LCOE is for coal plants, then solar, and finally wind.
Figure 3. Calculated LCOE for CPEC projects.

LCOE were also calculated for the generalized model plants (See Figure 4). The model plants show a
similar trend where hydropower pants have the lowest LCOE, followed by coal, wind, and then solar.
Additionally, model plants were also added, and natural gas, both form a domestic field and imported reliquefied natural gas, as well as nuclear fall in a range around the coal plants.
Figure 4. LCOE calculations for model generalized plants.
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4.3 Emissions Results
Total CPEC emissions were calculated to be 51 million metric tons of CO2 annually. For reference, this is
10.3% higher than Pakistan’s total electricity and heating emissions for 2014 [57]. Calculated CO2
emissions for CPEC coal projects show a range from around one million tonnes to ten million tonnes
annually. Because of the different plant sizes, it is difficult to compare the plants directly. Therefore,
emissions were divided by annual generation to allow comparison of plants with different capacities (See
Figure 5). Domestic coal is consistently around twice as emission heavy as imported coal based on this
measure.
It is important to note that these emission values do not reflect any emissions outside the burning of fossil
fuels. There are emissions generated from the building of the plants and the transportation of fuels. These
values were excluded for simplicity and lack of data to support such estimates. Additionally, there is some
controversy over CO2 and methane emissions from hydropower reservoirs [58]. Exact emissions from
hydropower reservoirs rely on local geology, temperature, microbes, water depth, and many other locally
defined variables. The authors did not feel they had sufficient information to make a reasonable emission
estimates from these plants and suggest further study in this area.
Figure 5. Comparison of CO2 emissions across CPEC coal projects.

The same process was applied to the generalized plants used in the model (see Figure 6). Again, domestic
coal is about twice as emission heavy as imported coal. The natural gas plants showed an interesting
spread of emissions. The domestic natural gas field, Uch, from which the model natural gas plant was
based on, produces low energy gas, meaning much more gas must be burned. Additionally, the plant isn’t
very large. Therefore, its emissions to annual generation ratio is much larger. RLNG imported gas, on the
other hand, has a much higher heat content than the Uch gas or the coal, making its emission ratio the
lowest.
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Figure 6. Comparison of CO2 emissions across generalized coal and natural gas plants.

4.4 Optimization Model Results
The optimization model compares total cost, average LCOE, and CO2 emissions based on the number of
plants the model chooses and minimizes one of those numbers. The fifteen optimizations are split into
four categories, each giving a result for total capital cost, average LCEO, and CO2 emissions. The results
are broken up into each of those three categories comparing them against the calculated value for CPEC,
giving us a better understanding of the overall focus and strategy of CPEC investments. Exact plant
numbers and values for each minimization can be found in the Appendix.
The four categories within each section are the baseline (minimizations 1-3), lower than CPEC (4-7),
thermal and renewable constraints (8-11), and no nuclear or natural gas (12-15). The baseline section
gives a simplified run of the three minimization goals, as no other constraints were added. The lower than
CPEC adds an additional constraint—emission levels, cost, or average LCOE are forced below CPEC
levels. The no nuclear or natural gas section removes the possibility of natural gas or nuclear plants
because these were not used in CPEC projects at the time of this writing.
Additionally, there are the thermal and renewable ratio minimizations (8-11). With current technology, it
is still necessary to have a good portion of the electrical grid remain thermal (usually coal, natural gas,
and nuclear). This is because electrical grids only produce exactly the amount of electricity that is being
consumed at the moment, as large-scale energy storage techniques are still being developed. Renewable
energy, specifically variable sources (usually solar and wind), are not always available. Hydropower isn’t
always considered a variable source because the water can be let out at any time through the turbines.
However, if reservoir levels are low in the dry season, for example, water cannot be used, and so energy
cannot be produced. Countries need energy sources that can be used at any time of the day or year, and so
turn to thermal generation for the stability. These minimizations look at different mixes of thermal and
renewable generation to inform on how these needs would affect the three measures.
It is important to note that these minimization processes don’t always minimize every variable and,
therefore, many solutions can be reached. For example, minimizing emissions and not considering any
other factors (as in baseline minimization #2) can be done by choosing more solar and hydro or vice versa
and all constraints could be satisfied. This flexibility should be kept in mind when looking at specific
model results. However, the overall results presented by combing the fifteen model scenarios provides
some general trends to consider against CPEC numbers.
T OTAL C APITAL C OST : The overall financed cost for the CPEC projects at the time of this writing is 23
billion USD. The model results show that unless it is specifically attempting to minimize capital costs
(see green bar in Figure 7), or the capital cost is used as a constraint, the model tends to produce very
expensive overall project costs, often double or greater than the real CPEC cost. What this information
shows is that China and Pakistan chose to get the most electricity generation possible with the least
amount of overall financing costs. Potentially this occurs because of the lack of more available funds or
investors. Or it could be due to the difficulty of gaining more loans.
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The one exception to this trend in the model is for the lower than CPEC emission minimization that
forced the model to find a solution with capital cost at or below the CPEC costs. The result created a
scenario at about CPEC cost, but with less than half the emissions (see Figure 7). It did this through
building large hydropower and RLNG plants. While the energy mix on this sort of scenario is unrealistic,
it does point to building a few large, efficient plants to generate power and keep emissions and costs low.
Additionally, the model didn’t choose any coal, and instead used RLNG plants.
Figure 7. Total capital costs for each minimization optimization as compared to CPEC’s total capital cost
(red line).

E MISSIONS: The CPEC emissions were calculated to be 51 million metric tons of CO2 annually.
Compared to all but one of the model runs, this number is very high (See Figure 8). The one optimization
that lead to much greater emissions was when it was tasked with simply minimizing costs, but was not
allowed to choose natural gas or nuclear power plants. In this case, it built ten large coal plants,
generating more than 80 million metric tons of CO2.
Many of the model results produced no emissions. This is unrealistic because not all of the power
generated can be renewable, as is the case for most of the no-emission results. The one exception was in
the minimize emissions while the LCOE is less than CPEC case that built nuclear plants to fulfill
generation needs. This trend is demonstrated well in the thermal constraint cases where as more thermal
power is required in the model (from 30% to 70%), the emissions increase. However, these emissions can
still be minimized through using nuclear and natural gas plants. In general, coal plants are extremely
emissions heavy, and there are many alternatives that produce far fewer emissions and generate the same
amount of reliable power. However, this result is not taking into consideration any political factors.
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Figure 8. Total CO2 emissions for each minimization optimization as compared to CPEC’s total CO2
emissions (red line).

LCOE: The average LCOE for all of the CPEC projects was $55.87/MWh. Surprisingly, despite the
overall total costs of CPEC being lower than most of the model results, the model provided solutions that
were generally cheaper in terms of the LCOE. This was expected for when the model was tasked with
minimizing the LCOE (see blue bars in Figure 9). However, this was unexpected for when emissions
were minimized because renewable technology tends to have a higher LCOE than thermal technology.
However, because the LCOE for hydropower projects ended up being so low, and there were no
emissions attributed to those projects, the average LCOE for emissions minimizations tended to be fairly
low as well, linking LCOE and emissions minimization runs.
More striking, however, was even when focusing on minimizing overall cost, the model still produced
average LCOEs less than CPEC. These scenarios used a few large RLNG plants to generate the needed
electricity while keeping overall costs down, and because the LCOE of the RLNG plant was lower than
the average coal plant, these scenarios also ended up being lower than CPEC. The one scenario that
showed a higher LCOE was when no nuclear or natural gas plants were allowed and the model built ten
large coal plants to minimize cost. These coal plants had an LCOE slightly larger than the average LCOE
of CPEC, making their average greater.
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Figure 9. Average LCOE for each minimization optimization as compared to CPEC’s average LCOE
(red line).

The main conclusion drawn from these minimizations is that CPEC buys the greatest amount of
generation for the least amount of upfront financing cost from China. In order to minimize emissions, the
capital costs will likely increase because of the need to build a greater number of smaller renewable plants
to generate the same amount of electricity. Additionally, even if capital costs are kept down, this doesn’t
mean that the cost of electricity (LCOE) is also cheap. In general, coal projects don’t have the lowest
LCOE, both hydropower and RLNG plants have the potential to be better. By tapping into hydropower
potential, CPEC can both lower the overall cost of electricity and emission levels.
In general, power producers try to spread out their energy mix, investing in many types of plants. This can
hedge against risk in case one technology becomes a liability, for example, if one type of fuel becomes
more expensive. Additionally, having plants at different ages and lifetimes is advantageous so not
everything has to be replaced at once, and political factors could encourage spreading out funding across
different sectors. Therefore, it is unrealistic to expect CPEC investments to focus strongly on one
technology. However, it can be argued that there is too much of a focus on coal, which doesn’t lend itself
to being a “green” choice in the way that BRI has been trying to portray itself. Additionally, this choice
isn’t necessarily better for Pakistan citizens as it can increase their electricity cost, a concept further
explored in the next section.

5. Discussion
This paper aimed to answer the question, are the Chinese energy generation investments under CPEC the
best option for meeting Pakistan’s energy needs and still environmental friendly as claimed, or are lowercarbon options economically feasible? In this case, what makes economic sense must be carefully
defined. If it is the overall project costs, representing the debt burden to investors and Pakistan, then the
current CPEC structure makes economic sense, but shouldn’t be considered “green”. Exploration into
more efficient imported RLNG natural gas plants might be an option if the overall capital cost is still the
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greatest concern. If keeping the LCOE low is considered more important economically, which the next
section provides good reason to consider this as a critical factor, then there are definitely cheaper and
greener options that could have been explored. This is done in the model with a greater focus on
efficiently using hydropower.
5.1 LCOE’s effect on Pakistani electricity prices and subsidies
The data collected for CPEC projects and LCOE calculations show a focus on creating as much
generation as possible for the least amount of upfront financing. While this may reduce the overall
financial debt to investors, it doesn’t necessarily take into account the cost of electricity for Pakistani
citizens or the debt burden the Government of Pakistan would incur to offset higher electricity prices.
The prices of electricity in Pakistan are set based on usage; as usage increases, so does the price of
electricity, incentivizing using less energy. In order to make electricity affordable, the government of
Pakistan provides subsidies to fill the gap between payment and the cost of production. In 2013, the
Government of Pakistan increased tariffs for heavy users and removed subsidies for commercial and
industrial customers in order to reduce subsidy cost [59]. In 2014-2015, electricity subsidies in Pakistan
were still 0.8% of GDP, which is about the same as what they spent on health care that year [59]. Costs
of offsetting high electricity prices still is a financial burden on the government.
This debt can be roughly calculated, comparing the average LCOE of CPEC projects (55.74 $/MWh) with
LCOE results from our models. Using LCOE results from the model minimizing LCOE (28.01 $/MWh)
and the model minimizing emissions (32.05 $/MWh), we can estimate energy cost savings for these
scenarios. Taking annual generation from CPEC as 85 million MWh, the differences in average total
electricity costs would be $2.3 billion and $2 billion, respectively. Even a more modest $5 reduction in
the average LCOE would reduce the overall cost by over $400 million a year.
We stress that these are rough estimates using averaged numbers. However, the chosen energy mix can
drastically affect the LCOE and, if reduced, would generate significant savings for the Government of
Pakistan and consumers alike. For example, the 2017-2018 national budget plans for $596 million in
electricity subsidies and debt repayment [60]. The $5 per MWh reduction in just the CPEC projects
average LCOE alone can potentially offset about 67% of this cost.
5.2 Environmental and Health Impacts of Coal in Pakistan
Developing massive amount of coal in Pakistan can lead to an acute health crisis. Pakistan’s major coal
source to be developed, Thar coal, has higher sulfur content (1.38%) compared to coal from Australia and
Indonesia (0.4-0.85%) [9]. Although the power plants use gas desulfurization equipment to clean sulfur
from the flue gas, some emissions are inevitable. These sulfur dioxide emissions contribute to
environmental and health issues, such as acid rain and respiratory illness.
More importantly, the power plants that use Thar coal are all sub-critical, which means low efficiency.
Sub-critical plants are used because the cost of building super-critical plants to burn this low-quality coal
doesn’t make financial sense. As a consequence, the power plants require more coal inputs to generate the
same amount of energy output as required by supercritical plants. More coal burned creates more
emissions, leading to more pollution and greater health and environmental impacts.
Besides the type of technology and quantity of coal used, health impacts of coal also depend on other
factors, such as topography and distance to populated regions. Lacking reliable energy transmission
infrastructure in Pakistan means that some power plants are likely been built close to populated areas
where energy will be consumed. Unlike greenhouse gases emissions with their global effect, smogforming emissions, such as SO2, PM 2.5 and PM 10, have greater local effects. The shorter distance from
plants to populated areas, the greater the health and environmental impacts. Local pollution, when severe,
can become a national political problem.
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5.3 Other Incentives to Fund Coal in Pakistan
Economic opportunities: The results imply that coal projects are dominating CPEC energy investments
partly because they tend to have a lower capital cost. Although low capital cost is preferable, there are
other factors that investors consider, such as opportunity, profit, and interest rates. This section explains
how CPEC coal projects benefit multiple Chinese stakeholders from these three alternative perspectives.
Note that all CPEC coal projects are operated by either Chinese or Chinese-owned companies.
Additionally, Chinese companies have received many of the engineering, procurement, and construction
contracts for these projects. This is a particularly important point because China has been limiting its own
coal industry to tackle air quality and over-capacity issues.
While funding coal projects in Pakistan, China has been shutting down coal projects within its own
boarders [33]. Massive plans on reducing coal consumption were first initiated in 2013, because of the air
pollution crisis [35]. Air pollution has severely impacted China through immense health effects. A
handful of urban centers reported PM 2.5 higher than 1,000 micrograms per cubic meter, which is
particularly significant because coal is the single most significant contributor to PM 2.5 in China [61].
One study found that burning coal led to 366,000 premature deaths in China in 2013 [36].
Besides air pollution impacts, China’s coal industry struggles with enormous overcapacity, which occurs
when electricity generation capacity exceeds a country’s needs. Around six to ten years ago, China
suffered a significant electricity shortage, leading to a boom in coal development. However, when the
new projects became operational, China’s economy had slowed down causing capacity growth to surpass
a slower growth from a reduced energy demand. As a result, coal-fired power plants have shut down, as
well as many of the coal mines that supplied them.
To mitigate the health impacts and overcapacity issues, the Ministry of Environmental Protection banned
the use of coal in 28 cities, including heavily polluted regions like Beijing and Tianjin. This year’s
Government Work Report claims that China reduced coal production by more than 800 million tons and
closed more than 200,000 coal-fired boilers [34]. All these actions have led to a struggling coal industry
in China and massive unemployment. Therefore, finding new opportunities abroad for Chinese coal
enterprises is considered extremely important for the well-being of China’s economy.
F INANCIAL INCENTIVES : Besides economic opportunities for China, there are also financial incentives
behind these projects for investors. The CPEC energy projects have relatively high-interest rates and high
investment returns, which implies that these projects have features more similar to commercial projects
than those of development projects. BRI advertises itself as offering affordable financial assistance to BRI
member countries through low or even zero-interest-rate concessionary loans [30]. The CPEC energy
projects do not benefit from these low-cost financing options because they are not financed through
development institutions. They face less competitive floating interest rates ranging between 4.5% and 5%
in addition to the London Inter-bank Offered Rate (LIBOR). The current USD LIBOR, the quarterly and
semi-annual USD LIBOR, are above 2%, so we can see that the corresponding interest rates for CPEC
energy projects ranging between 6.5% to 7.5% are quite high. Besides the interest rate, an upfront export
insurance fee and financial fees are also demanded from China.
The total estimated cost of the projects adds up to more than 22.4 billion USD. The immense scale of the
loans makes low-cost financing options particularly important for Pakistan’s long-term development.
There are tremendous debates on the financing burden of CPEC on Pakistan for the next 10 to 20 year
repayment period. A combination of relatively high-interest rates and other fees can impose significant
financial burdens on these projects and the country in general. Although the interest rates are not as low
as BRI has initially advertised, there are rationalities behind higher interest rate for energy infrastructure
projects. Different from other public infrastructure projects, CPEC energy projects are and will be
constructed and operated by independent power producers instead of the Government of Pakistan. The
repayment of loans and interests will also be fulfilled by the independent power producers. The return on
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equity for CPEC energy projects is generally between 18% and 35%, allowing private producers to afford
the higher interest payments.
F UNDING SOURCES: Another relevant point is that the CPEC energy projects are solely funded by Chinese
Banks, while other BRI projects receive funds from multiple parties, including the Asian Infrastructure
Development Bank, Silk Road Fund, New Development Banks, and Chinese Banks. There is no
involvement of development banks in these CPEC energy projects. Although the environmental and
health implications of coal are reasonably well-recognized worldwide, there is a lack of regulation on
CPEC energy projects to prevent China from migrating its coal business to Pakistan. One reason could be
that the CPEC projects can be characterized as commercial projects with high investment return and are
funded by non-development banks, which means the projects are not regulated by any environmental or
social policy of development banks despite being labeled a part of BRI
5.4 Hydropower and Nuclear Controversy
The model indicated that hydropower would be a cheap and low emission alternative to building coal
plants in Pakistan. It also indicated nuclear power as a low emission thermal plant alternative for
satisfying thermal constraints. However, there are many controversies surrounding both technologies in
Pakistan.
Large hydropower projects in Pakistan tend to be international issues because their major river systems
originate in both India and China and flow through disputed territory. Historical water allocation
decisions with India have been made under the 1960 Indus Waters Treaty and, while arguably successful,
there is still contention around the building of upstream dams and their effect on downstream water
resources [62]. Pakistan’s own damn building is considered to help provide both electricity and water
security for agriculture [62]. However, disparities between powerful actors and large governing systems
against smaller minority groups have led to controversy over local water allocation [63].
A prime example of controversy over hydropower is the Kalabah Dam, a 3600MW project still not
constructed even though initial site investigations started in 1953 and feasibility was determined in 1972
[63]. The Punjab province is the greatest supporter of the dam project, while the Khyber Pakhtunkhwa
province is the greatest opponent. In general, Punjab support stems from their need for electricity and
agricultural waters, as well as large flood control, something brought to the forefront of many discussions
after the 2010 flood [63]. The Khyber Pakhtunkhwa province is concerned back flooding from the dam
could impact local lands and potentially displace 34,500 people [63]. This example illustrates how
complex political landscapes can make projects, especially hydropower, untenable or unattractive to
investors.
Assisted by the International Atomic Energy Agency (IAEA), Pakistan built their first nuclear reactor for
energy generation in the early 1970s [64]. Exploration for Uranium deposits began as early as the 1960s
for both use in nuclear power and as an exportable good [64]. The 1971 Indo-Pakistani war, however, led
to the secret diversion of resources from power to weapons by 1972 [64]. Due to a desire to maintain a
strong nuclear defense, especially against India, Pakistan did not sign the 1970 Nuclear Proliferation
Treaty (NPT) [65]. This choice makes it difficult for Pakistan to obtain the parts to build and supply
nuclear reactors for power production as they do not have adequate local resources [64].
Current nuclear power plants are largely possible because of Chinese support and imports, but Pakistan’s
decision not to sign the NPT shrouds this partnership in controversy. This is especially true after China
joined the Nuclear Suppliers Group (NSG) in 2004, which generally prevents exports of nuclear
technology to states that have not adopted international safeguards, including Pakistan [65]. Despite NSG
membership, China is still supplying equipment [65]. Pakistan has applied to join the NSG themselves,
however recent sanctions by the United States on seven Pakistani companies alleged to be a part of illegal
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nuclear trade has cast some doubt on their potential membership [66]. This recent development might
make future international nuclear power deals with countries besides China difficult.
These controversies may affect future development of either hydropower or nuclear power production.
This is difficult to put in an economic and environmental model, but should be taken into serious
consideration when looking at future energy development in Pakistan.
5.5 Study Improvements and Limitations
This study provided a deep look into current CPEC energy projects and their relative economic and
environmental impacts on Pakistan. However, there are many other elements that were not able to be
included in the model even though they are very important factors leading to specific power plant choices.
This section explores some of the limitations of this study and potential improvements for further study
relating to CPEC energy projects.
An important way to improve this study would be to find a way to estimate methane emissions4 from the
hydropower plants. Methane emission estimates were unable to be calculated due to lack of data. To
calculate methane emissions, the size, depth, microbial makeup, local geology factors, and seasonal
variation would need to be known [58]. Even with this data, estimates of emissions form hydropower
projects have varied widely across studies and in different parts of the world, making such a calculation a
study in and of itself [58]. If this information could be included, it would affect the model through
choosing choose other renewable energy technologies or nuclear more often and raising the LCOE for
emission minimization runs.
So far, this analysis has focused on the economic factors driving Chinese investment in the Pakistan
energy sector. However, there are major geopolitical factors that affect power plant choices. For two
major examples see section 5.5. These sorts of factors were not included in the model because they are
very difficult to quantify as the political landscape changes rapidly. The model develops hypothetical
plants that are not location or time bound and, therefore, are difficult to integrate with spatiotemporal
changes. For example, last December a Chinese Engineer disappeared from the Karot Hydropower
Project, causing a strained situation between China and Pakistan where China questioned the political
stability in the country [67]. This and the social instability in Pakistan, relating to terrorist attacks and the
change of Prime Minister from corruption charges, had led to some talk of China stopping investments in
CPEC for an indeterminate amount of time [68]. How this sort of situation affected potential CPEC
projects, if it did at all, is hard know.
Another uncertain factor is changes in government opinion about whether CPEC is good for Pakistan. For
example, in 2017, after a Pakistani minister claimed that over 90% of the profit from CPEC projects
would go to China, a large hydropower project was pulled from CPEC [69]. The choice was motivated by
the need to figure out how Pakistan is going to be able to pay back large billion dollar loans to China
without making much profit from these projects [69]. As CPEC moves forwards there is a real possibility
from trying to limit the debt burden on the government, changing priorities and potently adding a time
dependent factor on plant type choices that would require doing analysis for different periods of time.
The model also doesn’t include any metric on health impacts, even thought that should be a great
consideration for any country regarding energy infrastructure. Beyond health as a moral consideration,
health impacts from pollution can also be costly. An improvement on the model sophistication would be

4

Methane (CH4) is another greenhouse gas that is generally considered 25 more potent over a 100-year
period. Hydropower plants also produce CO2, but because they produce far more methane, it is usually
the greatest concern regarding their emission estimates.

28

to add a “health cost” as a way to parameterize and compare this effect for different energy mixes,
allowing the government to take more long term effects into consideration.
5.6 General Recommendations
On the investor side, China can do more to promote environmental and social safeguards for their
investments. Considering CPEC energy projects have only received funding from Chinese banks and no
funding from development banks, implementing stricter environmental policies for these banks would
have a significant impact. While it’s too early to determine the impacts of China’s more recently released
guidelines—"Guidance on Promoting Green Belt and Road” and “Environmental Risk Management
Initiative for China’s Overseas Investment”—they are not mandatory requirements. Further, better
defining what falls under BRI can improve the implementation and oversight of such standards.
Increasing the involvement of Chinese development banks, multilateral development banks, and other
more regulated financing sources like the Silk Road Fund in CPEC energy projects could also reduce the
environmental impacts of CPEC. These sources could provide more concessionary financing for
renewable energy projects that aren’t being picked up by the commercial banks. This would help Pakistan
meet its energy demand, diversify their energy mix, and help Pakistan reach its NDC commitments.
For Pakistan, our models indicate that they should consider the LCOE for projects in addition to upfront
capital costs when determining what energy sources will best meet their needs. LCOE is a better indicator
of the cost of electricity that will be passed on to consumers and considering their reliance on electricity
subsidies and issues of circular debt, reducing the cost of electricity will help alleviate these financial
burdens. Additionally, Pakistan can improve their management of hydel projects to reduce construction
delays that increase their capital costs. This reduction in construction risks could attract more investments
for these low emission projects.
5.7 Future Research
Expanding our analysis to BRI investments in other recipient countries could help these countries better
understand their energy needs, how BRI investments will impact their future emissions and outline
potential investment scenarios based on their own priorities. Applying our methods to other BRI countries
largely depends on the availability of project data. This is particularly limiting, as BRI projects are loosely
defined and project information is not always accessible.
Future research could also quantify emissions for additional infrastructure projects. Even within the
energy sector, our analysis focused solely on generation costs and emissions. A more comprehensive
analysis could assess the impacts of other CPEC energy infrastructure such as associated mines and
transmission lines, as well as infrastructure investments necessary for alternative plants (i.e. natural gas
pipelines). Additionally, this analysis focused solely on carbon emissions from projects as an
environmental metric. Research on different social and environmental considerations, such as health
impacts, community displacement, and ecosystem impacts, could further inform Chinese and recipient
country policies.
Beyond assessing BRI investments, political science research could explore the potential of integrating
exported emissions into an investor countries emissions inventory and how this may be incorporated into
UNFCCC negotiations.
5.8 Concluding Remarks
A project as large as the Belt and Road Initiative provides many opportunities for China to shape their
foreign policy, including how they choose to handle their environmental commitments abroad. This study
focused on one country, Pakistan, and one project, CPEC, within one specific sector, Energy. While small
compared to the whole of the BRI, this still accounts for the effect of billions of dollars on a country’s
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future energy infrastructure. The overall ramifications of China’s investments on the environment aboard
are massive and cannot be overstated.
This study found that the energy projects are generally profit driven and, in terms of CO2 emissions, not
environmental friendly. This directly counters the environmental goals of BRI, suggesting a need for
some measure of accountability for any project under the BRI name. This need is especially important for
developing nations, as China has partial ability to direct the trajectory of a nation’s energy infrastructure
while these investment decisions are made. If fossil fuel infrastructure is built, the recipient country risks
experiencing carbon lock-in, a phenomenon that arises from a technology-institutional feedback that
prevents the transition away from carbon technology [70]. In other words, the effects of the decisions
China and the BRI recipient countries make today will last far beyond the life of the power plants.
It is essential that these countries have the full opportunity to gain access to the development mechanisms
they need while at the same time having all of the information of the long-term effects of each decision.
Additionally, regarding those long-term effects, China must make a decision on what sort of future they
wish to promote in their neighboring countries. They have an unprecedented ability to shape the future for
millions of people as well as the overall health of the globe, requiring harsh scrutiny on even the smallest
projects they fund.
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Appendix
Appendix 1: CPEC Financial Information
(1) Foreign Financing Source: Loans are and will be dispersed by Exim Bank of China, Industrial and
Commercial Bank of China, and China Development Bank.
(2) Debt-to-equity
Upfront tariff for all projects have been determined based on debt equity ratio ranging between 80:20 and
70:30. The minimum equity is 20% and the maximum equity is 30%. If the equity actually deployed is
more than 30%, equity in excess of 30% will be treated as a loan.
(3) Loan tenure
For more than 11 projects, loan tenure is assumed as 10 years plus a grace period equivalent to the
construction period. These projects include coal, wind, and solar plants. Three of the hydropower plants
report a longer loan tenure of 12 years with an 18-year grace period.
(4) Interest rate and other relevant charges
i. Interest rate:
●

Local interest rate references: KIBOR + basis points

●

Foreign interest rate references:
○

quarterly-LIBOR + 450 basis points

○

6 month-LIBOR + 475 basis points

○

At the time of tariff calculation, the LIBOR rate are around 0.41-0.45%. With the basis
points, it adds up to 4.91% - 5.2%

○

In 2017, the quarterly and 6 month-LIBOR rate ranges from 1% to 1.7%. With the basis
points, it adds up to 5.50% - 6.45%

ii. Financial Fee and Charge: Financing fee & charges are taken to cater for the upfront fee,
commitment fee, lenders' technical, financial and legal consultants' fee. A majority of projects reports
financial fee at 3.5% of the borrowings.
iii. Sino Sure Fee: All projects with funds originating from Chinese banks must pay an upfront
Sino sure fee, an export credit insurance that offers coverage against political risks, commercial and credit
risks. The amount is normally no more than 7% of the total debt servicing.

Table i. Financing information for CPEC projects.
Plant Name
CoalPort Qasim
Karachi
Suki Kinari
Hydropower

Debt to Equity

loan tenure

return on equity

interest rate

25/75

10 years

27.20%

quarterly LIBOR + 450

25/75

12 years

17.00%

6-month LIBOR + 475
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Sahiwal Coal
Engro Thar
TEL Mine
ThalNova Mine
Dawood Wind
Coal Gwadar
Quaid-e-Azam
Solar
UEP Wind
Sachal Wind
SSRL Thar Coal

25/75
25/75
25/75
25/75

10 years
10 years
10 years
10 years

20/80
25/75

10 years

25.00%
30.14%
18.00%
34.49%

Karot Hydropower
Three Gorges
Second Wind
Three Gorges Third
Wind
CPHGC Coal
Thar Mine
Kohala Hydel
Rahimyar khan
Cacho Wind
Western Wind
Phandar
Hydropower

20/80

12 years

17.00%

quarterly LIBOR + 450
6.10%
quarterly LIBOR + 450
6-month LIBOR (0.4126)
+ 475

25/75

10 years

28.85%

quarterly LIBOR + 450

25/75
25/75

10 years
10 years

28.85%
27.20%

quarterly LIBOR + 450
quarterly LIBOR + 450

30/70
25/75

18 years
10 years

17.00%
27.20%
24.60%

6-month LIBOR + 475
quarterly LIBOR + 450

10 years

27.20%
30.65%
30.65%
27.20%

quarterly LIBOR + 450
quarterly LIBOR + 450
quarterly LIBOR + 450
quarterly LIBOR + 450

Gilgit KIU
Hydropower
Quaid-e-Azam
Solar
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Appendix 2: Data information

Table i. Different number classifications from CPEC website, study, and model.
CEPC Project
#
#

Model
#

Project Name

MW

Type

CPEC
classification

1

1

1

2×660MW Coal-fired Power Plants at
Port Qasim Karachi

1320

Coal

Energy Priority

2

2

2

Suki Kinari Hydropower Station,
Naran,Khyber Pukhtunkhwa

870

Hydro

Energy Priority

3

3

3

Sahiwal 2x660MW Coal-fired Power
Plant, Punjab

1320

Coal

Energy Priority

4

4

4

Engro Thar Block II 2×330MW Coal
fired Power Plant

660

Coal

Energy Priority

5

5

TEL 1×330MW Mine Mouth Lignite
Fired Power Project at Thar Block-II,
Sindh, Pakistan

330

Coal

Energy Priority

6

6

ThalNova 1×330MW Mine Mouth
Lignite Fired Power Project at Thar
Block-II, Sindh, Pakistan

330

Coal

Energy Priority

Surface mine in block II of Thar Coal
field, 3.8 million tons/year

1,470

Coal

Energy Priority

7

5

8

7

Hydro China Dawood 50MW Wind
Farm(Gharo, Thatta)

50

Wind

Energy Priority

6

9

8

300MW Imported Coal Based Power
Project at Gwadar, Pakistan

300

Coal

Energy Priority

9

Quaid-e-Azam 1000MW Solar Park
(Bahawalpur) Quaid-e-Azam (100MW
in model)

100

Solar

Energy Priority

24

Quaid-e-Azam 1000MW Solar Park
(Bahawalpur) Quaid-e-Azam (combined
for 900MW)

600

Energy Priority

300

Energy Priority

UEP 100MW Wind Farm (Jhimpir,
Thatta)

100

7

8

10

13

10

Wind

Energy Priority
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9

14

11

Sachal 50MW Wind Farm (Jhimpir,
Thatta)

10

15

12

11

16

12

13

50

Wind

Energy Priority

SSRL Thar Coal Block-I 6.8 mtpa
&SEC Mine Mouth Power
Plant(2×660MW)

1320

Coal

Energy Priority

13

Karot Hydropower Station

720

Hydro

Energy Priority

17

14

Three Gorges Second Wind Power
Project

50

Wind

Energy Priority

18

15

Three Gorges Third Wind Power Project

50

Wind

Energy Priority

19

16

CPHGC 1,320MW Coal-fired Power
Plant, Hub,Balochistan

1320

Coal

Energy Priority

Matiari to Lahore ±660kV HVDC
Transmission Line Project

-

Trans

Energy Priority

Matiari (Port Qasim) —Faisalabad
Transmission Line Project

-

Trans

Energy Priority

Energy Priority

14

15

20

17

Thar Mine Mouth Oracle Power Plant
( 1320MW) & surface mine

1320

Coal

16

21

18

Kohala Hydel Project, AJK

1100

Hydro

Actively Promoted

17

22

19

Rahimyar khan imported fuel Power
Plant 1320 MW

1320

Coal

Actively Promoted

18

23

20

Cacho 50MW Wind Power Project

50

Wind

Actively Promoted

19

24

21

Western Energy (Pvt.) Ltd. 50MW
Wind Power Project

50

Wind

Actively Promoted

20

25

22

Phandar Hydropower Station

80

Hydro

Potential

21

26

23

Gilgit KIU Hydropower

100

Hydro

Potential

39

21

20

19

18

17

16

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

Gilgit KIU Hydropower

Phandar Hydropower

Western Energy Wind

Cacho Wind

Rahimyar khan imported

Kohala Hydel Project

Thar Mine Mouth Oracle

CPHGC 1,320MW Coal-fired

Three Gorges Third Wind

Three Gorges Second Wind

Karot Hydropower Station

SSRL Thar Coal Block-I

Sachal Wind Farm

UEP Wind Farm

Quaid-e-Azam Solar

Imported Coal Gwadar

Hydro China Dawood Wind Farm

ThalNova Mine Mouth

TEL Mine Mouth

Engro Thar Block II

Sahiwal Coal-fired

Suki Kinari Hydropower

Port Qasim Karachi

Type

MW

Project
Life (yrs)

Website

Referenced
Total
Annual
Exchange Capitol Capacity Generation
Rate
Cost ($M) Factor (%) (MWh/year)

Tariff Doc

Upfront
Cost ($
million)

Table ii. Information on where data was collected for CPEC projects.

22

Quaid-e-Azam Solar 900 MW

Project Name

23

#

24

GEN License

Fixed
O&M
($/kwh)

Scaled Calculation

Fixed
Variable Variable
Water
O&M
O&M
O&M
Insurance Charge
($M/year) ($/kwh) ($M/year) ($M/year) ($/kwh)

Calculated

Fuel
Consumption
(g/kwh)

Fuel Price
Units

Latitutde Longitude

No data needed, or calculated later in model

Fuel
Price
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Appendix 3: Specific Model Results

Table i. Model results for optimizations 1-3. Red cells show results above current CPEC values.
Optimization
Added Constraint

Minimize
Cost

Minimize Emissions

Minimize
LCOE

N/A

N/A

N/A

Plant Type

Number of Plants

Coal - imported 300MW

0

0

0

Coal - Thar 1320MW

0

0

0

Coal - Thar 660MW

0

0

0

Coal - Thar 330MW

0

0

0

Hydro 1100MW

0

10

10

Hydro 802MW

0

10

10

Hydro 91MW

0

1

5

Wind 100MW

0

0

0

Wind 50MW

0

0

0

Solar 900MW

0

1

0

Solar 100MW

0

1

0

Nuclear 300MW

0

0

0

NG 404MW

0

0

0

RLNG 1240MW
Model Total Annual Generation
(MWh)

9

0

0

89,933,418.72

85,377,903.61

85,483,151.95

6,929.78

45,341.97

44,552.42

50.54

32.05

28.01

38,613,185.24

-

-

Model Total Capital Cost ($M)
Model Total LCOE Cost ($/kWh)
Model Total CO2 Emissions (tonnes)

Table ii. Model results for optimizations 4-7. Red cells show results above current CPEC values.
Optimization
Added Constraint

Minimize Cost
Emissions <
CPEC

Minimize
Emissions
Cost < CPEC

Plant Type

Minimize LCOE
Emissions <
CPEC

Minimize
Emissions
LCOE < CPEC

Energy Mix (%)

Coal - imported 300MW

0

0

0

0

Coal - Thar 1320MW

0

0

0

0

Coal - Thar 660MW

0

0

0

0

Coal - Thar 330MW

0

0

0

0

Hydro 1100MW

0

8

10

8

Hydro 802MW

0

0

10

6
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Hydro 91MW

0

0

5

8

Wind 100MW

0

0

0

4

Wind 50MW

0

0

0

2

Solar 900MW

0

0

0

6

Solar 100MW

0

0

0

4

Nuclear 300MW

0

0

0

6

NG 404MW

0

0

0

0

RLNG 1240MW
Model Total Annual
Generation (MWh)

9

5

0

0

Model Total Capital Cost ($M)
Model Total LCOE Cost
($/kWh)
Model Total CO2 Emissions
(tonnes)

89,933,418.72

90,712,066.40

85,483,151.95

85,331,923.13

6,929.78

23,030.08

44,552.42

59,816.01

50.54

32.95

28.01

48.07

38,613,185.24

21,451,769.58

-

-

Table iii. Model results for optimizations 8-12. Red cells show results above current CPEC values.
Optimization
Added Constraint

Minimize Cost
Renewables >
30%

Minimize
Emissions
Thermal >
30%

Plant Type

Minimize
Emissions
Thermal >
50%

Minimize
Emissions
Thermal >
70%

Minimize
LCOE
Renewables >
30%

Energy Mix (%)

Coal - imported 300MW

0

0

4

6

0

Coal - Thar 1320MW

0

0

0

0

0

Coal - Thar 660MW

0

0

0

0

0

Coal - Thar 330MW

0

0

0

0

0

Hydro 1100MW

5

5

4

2

10

Hydro 802MW

0

6

5

3

10

Hydro 91MW

1

5

0

5

5

Wind 100MW

0

3

3

4

0

Wind 50MW

0

5

1

5

0

Solar 900MW

0

6

4

0

0

Solar 100MW

0

9

0

1

0

Nuclear 300MW

0

10

8

10

0

NG 404MW

0

0

0

0

0

RLNG 1240MW
Model Total Annual
Generation (MWh)
Model Total Capital
Cost ($M)
Model Total LCOE Cost
($/kWh)
Model Total CO2
Emissions (tonnes)

6

1

2

3

0

85,850,855.81

87,103,357.15

86,951,145.45

85,818,588.73

85,483,151.95

16,785.09

65,335.45

52,221.91

47,345.15

44,552.42

36.86

55.42

50.03

50.45

28.01

25,742,123.49

4,290,353.92

12,727,310.47

19,090,965.71

-
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Table iv. Model results for optimizations 12-15. Red cells show results above current CPEC values.
Optimization
Added Constraint

Minimize Cost
No Nuclear or
Natural Gas

Plant Type

Minimize LCOE
No Nuclear or
Natural Gas

Minimize Emissions
No Nuclear or
Natural Gas
Energy Mix (%)

Coal - imported 300MW

3

0

0

Coal - Thar 1320MW

7

0

0

Coal - Thar 660MW

2

0

0

Coal - Thar 330MW

0

0

0

Hydro 1100MW

0

10

10

Hydro 802MW

0

10

10

Hydro 91MW

0

8

5

Wind 100MW

0

5

0

Wind 50MW

0

6

0

Solar 900MW

0

0

0

Solar 100MW

0

1

0

Nuclear 300MW

0

0

0

NG 404MW

0

0

0

RLNG 1240MW

0

0

0

Model Total Annual Generation (MWh)
Model Total Capital Cost ($M)
Model Total LCOE Cost ($/kWh)
Model Total CO2 Emissions (tonnes)

85,331,160.00

89,181,528.83

85,483,151.95

16,960.61

47,320.85

44,552.42

58.76

40.49

28.01

81,043,745.23

-

-
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