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Abstract
The following report addresses deficiencies in existing electricity transmission methods and
investigates the techno-economic feasibility of a novel transmission method. Mobile energy
storage transmission (MEST) is a theorized electricity conveyance method that employs
energy storage technology, in conjunction with freight transportation, to integrate grids that
are separated by bodies of water or significant geographic features. Through development of
an integrated approach and subsequent investigation of three distinct case studies, this
report concludes that mobile energy storage transmission (MEST) is technologically and
economically feasible for present use in niche applications, and future use in a range of
macroscopically significant applications. This analysis concludes that MEST has substantial
potential to become a competitive alternative to submarine cable transmission and a
facilitator of both electricity market integration and grid connection for deep offshore wind
projects. Finally, this analysis provides substantial motivation for academia, industry, and
government to make concerted efforts to further investigate MEST and its potential for sector
disruption.
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1. Introduction
1.1. Electricity Markets, Renewable Energy Resources, &
Conventional Transmission Methods
The energy industry is in the midst of a tumultuous period in which new technologies,
societal agendas, and market integrations have disrupted the effectiveness of conventional
energy markets. Developed economies are shifting more and more toward electricity-centric
energy systems. The advent of electric vehicles, renewable generation, smart grids, energy
storage, distributed generation, and climate change awareness necessitates a move away
from the traditional top-down, unidirectional power systems of the previous century. While
experts have identified many of the problems and inefficiencies that come with coupling
disruptive technologies, such as renewable generation, with traditional market structures,
there is still much debate over how to best solve these identified problems.
One such identified inefficiency is related to the inherent regional inequity of renewable
energy resources. While nearly all developed nations have pledged to develop renewable
generation capacity, not all nations will see the same returns on their renewable energy
investments. Nations with better solar or wind resources will have a lower Levelized Cost of
Energy (LCOE) when developing renewable energy projects; this enables more efficient
renewable energy investments than those in nations with poor wind and solar resources. As
global energy systems continue to evolve, industry should strive to make intelligent decisions
on where to invest in renewable generation in order to get the highest marginal production
per dollar invested. The lack of global, and often regional, electricity market integration is a
significant obstruction to optimizing global renewable energy investment; with most electricity
markets lacking the transmission capabilities to trade electricity with non-contiguous
markets.
Established economic theory suggests that regional commodity markets become more
efficient as they integrate and move toward globalization. The advent of energy storage
technology now allows markets, for the first time in history, to treat electricity as a nonperishable, highly liquid commodity. The “law of one price” indicates that as markets
integrate, regional commodity prices will converge to the lowest available cost of production
(plus region-specific transport costs). If a regional commodity market’s cost of production is
higher than the sum of another market’s cost of production and cost of export, arbitrage will
occur until the production cost differential is equal to that of the transportation costs.
Transportation networks are key enablers of commodity price convergence and market-
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integrating spatial arbitrage; in the case of electricity markets the transportation network is
the transmission system.
Traditional electricity markets in developed economies are supported by comprehensive
electricity transmission networks that are comprised of both alternating-current (AC) and
direct-current (DC) cables of varying lengths and voltages. While on-shore cabled
transmission is both an efficient and low-cost means of transporting electricity, submarine
cabled transmission is far more costly. Regardless of the high cost of submarine cables, a
great number of submarine cable projects have been developed to integrate electricity
markets across bodies of water and to connect offshore wind generation to mainland
transmission networks. Without a viable alternative for moving electricity across large bodies
of water, submarine cables will continue to be used for the growing number of offshore wind
projects and for the continued move toward global market integration (trans-market
interconnectors).
In addition to the oft-prohibitive cost of submarine cabling, the technology is not expected to
see appreciable cost reduction in the coming years. The fixed nature of cabled transmission
infrastructure results in bilateral agreements where both sides are anchored to the
transactional entity on the other end of the cable; this phenomenon has led to discussion on
the “option value” of having flexibility for which markets can engage in trade. Another
shortcoming of cabled transmission is that there is minimal flexibility once the cable has
been constructed; transmission volume is capped at the built capacity, and any increase
requires construction of a new cable. Lastly, losses in a cable are directly related to the
transmission distance, thus the transactional cost increases with distance. Regardless of
global network integration, the transactional costs of moving electricity over extremely long
distances using cabled transmission is prohibitive to efficient market integration.

1.2. Mobile Energy Storage Transmission (MEST)
Mobile energy storage transmission (MEST) is a theorized solution to complement the
shortcomings of conventional cabled transmission. This novel transmission model uses
mobile energy storage containers (MESCs) to transport electricity from one market to
another by means of conventional freight vessels and infrastructure. In essence, MEST is a
flexible alternative to conventional transmission that utilizes existing global freight capacity,
energy storage technology, and regional electricity price differentials in order to integrate
markets separated by large bodies of water or other substantial geographic features.
Strong parallels exist between the solutions offered by MEST and those already employed in
the liquefied natural gas (LNG) industry. The global natural gas industry uses pipelines to
conduct on-shore bilateral trade, while the development of global LNG infrastructure has
7|Page
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enabled interregional trade across large bodies of water; driving the natural gas market
closer to being an efficient and globally integrated commodity market.
If feasible, the adoption of MEST could serve to enable the continued proliferation of
renewable energy generation. MEST could encourage renewable investment in regions with
the lowest levelized costs of energy, allowing the global energy industry to generate and
provide clean electricity to society at a lower cost than otherwise possible. As a temporally
and spatially flexible transmission system, MEST would allow regional markets to better
adapt to the seasonal variations in renewable generation; e.g. a solar-rich region could be a
net-exporter of electricity during its summer months, then become reliant on clean energy
imports for its winter months.
The concept of mobile energy storage transmission is an application of the ideas of
commodity arbitrage and global integration for use with electricity markets. MEST application
via global shipping would leverage the fact that sea freight is far and away the cheapest
global freight market; this well-established global enterprise makes MEST a natural
complement to on-shore cabled transmission systems. The significant recent improvements
of energy storage technology cost, size, and performance now makes this potential market
solution worth investigating.
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2. Literature Review
The originality of this investigation and the method of mobile energy storage transmission
(MEST) is supported by the fact that no previous literature was found on the topic. This
inherent novelty requires the investigator to glean knowledge from tangentially related
research topics in order to best develop an integrated approach for evaluating the technoeconomic feasibility of MEST. For that reason, early stages of this investigation involve a
heavy review of literature on the related topics of 1) electricity grids; 2) the regional variability
of renewable energy resources; 3) international energy trade; 4) liquefied natural gas (LNG);
5) trans-market interconnections; 6) commodity economics; and 7) energy storage
technologies (ESTs). The underlying rationale and logic of Electrochemical Pipelines: A
Techno-economic Investigation of Mobile Energy Storage Transmission can be partially
attributed to the knowledge base developed during review of the aforementioned topics.

2.1. Context
Growing concerns over the issues of climate change, resource depletion, biotoxicity, and
energy poverty have thrust the energy sector into a period of upheaval and evolution.
Emphasis on energy efficiency and the advent of renewable generation has revealed a new
set of industry challenges. Energy storage systems (ESS) are seen as some of the most
promising technological solutions for intermittency and energy management; two of the
prevalent issues stemming from the industry’s systemic changes.
While electricity was historically used only for simple services such as lighting and
refrigeration, electricity has now become integrated into nearly all facets of human life.
However, until recently, the relative inability to stockpile electricity has led to its use
applications being limited to specific sub-sectors; these generally requiring centralized
generation and electricity transmission infrastructure. The historical proliferation of fossil
fuels can be largely attributed to two factors: 1) resource abundance and 2) energy liquidity.
The unrivalled spatial and temporal liquidity of carbon-based fuels has made coal, gas, and
oil among the most traded commodities in the world.

While carbon-based fuels have

dominated the energy landscape up to this point in history, the increasing abundance and
liquidity of electricity is inspiring a shift toward a restructured energy economy that is better
equipped for mass uptake of renewable generation capacity.
The penetration of renewable generation mechanisms has led to the intermittent influx of
electricity into grids, often resulting in supply/demand complications and the curtailment of
excess electricity. Continued development of energy storage systems (ESS) will allow for
excess electricity to be stockpiled and used later, providing much-needed flexibility to the
9|Page
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grid as it pertains to supply and demand. The systemic coupling of renewable generation
with ESS could potentially result in a clean, electricity-rich energy supply with a high degree
of temporal flexibility; it is still unclear how electricity supply will attain spatial flexibility. The
large-scale transport of electrochemical ESS could serve as a mechanism for interregional
electricity trading, significantly expanding the spatial liquidity of renewably-sourced energy.
Transportation of electrochemical ESS has the potential to transform renewably-sourced
electricity from an unreliable input that cannot be stockpiled, into an abundant and liquid
commodity that can be traded throughout the globe.

2.2. Electricity Grids
One of the most important characteristics of a modern electricity grid is the perpetual
balance of supply and demand. The prevalent electricity supply configuration is that of
vertical electricity systems, in which utility companies are responsible for balancing of the
grid (Kazempour et al. 2009).

Balancing the grid is crucial for reliable operation,

transmission, and distribution of electricity; any imbalance between electricity production and
consumption might lead to power flow congestion on transmission lines, instability of power
supply, voltage and frequency fluctuation, electrical interruption, and/or temporal volatility for
the cost of generation and therefore the price of electricity (IEC 2011). Since the
instantaneous matching of electricity supply and demand is fundamental for grid operation,
supply redundancy is integrated into the grids of most developed countries; this supply
redundancy is provided in the form of reliable power supplies, frequently fossil-fuelled
thermal generators (Kyriakopoulos & Arabatzis 2016). Some regional systems attain supply
redundancy through the utilization of interconnections with neighbouring grids, allowing a
broader geographic range of electricity transmission and the option to transact electricity
across multiple electricity systems (Kyriakopoulos & Arabatzis 2016). Existence of grids,
and their requirement for temporal synchronization between electricity supply and demand,
makes electricity a unique resource with many novel features that must be considered for
accurate commodity market analysis (2 from McConnell).

2.3. Regional Variability of Renewable Energy Resources
In recent years, the rapid uptake of renewable generation has led to investigations into the
regional variability of renewable energy resources. Photovoltaic (PV generation alone has
increased from a capacity of less than 1 GW in 2000, to over 220 GW in 2025 (Irena n.d.;
Pfenninger & Staffell 2016). Despite these rapid growth trends, PVs dependence on complex
and variable weather systems makes planning for optimized regional PV deployment
challenging (Pfenninger & Staffell 2016). A study of EU countries identified latitude,
10 | P a g e
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continent, terrain, and local climatic variations as a few of the main indicators of solar
potential (Šúri et al. 2007). The complex synergies that factor into PV performance result in
large geographical variances at both the international scope and the intranational scope
(Šúri et al. 2007). Figure 2.1 illustrates the regional variance of capacity factors for both
wind and solar generation within the United States.

Figure 2.1 Mapping of capacity factors for wind generation & solar generation in the United States (Siler-Evans et al. 2013)

The Siler-Evans study, noted above, also investigated how environmental benefits of
installed renewable generation capacity at a site might not be directly related to the capacity
factor of generation at the site (Siler-Evans et al. 2013); for example, while the Southwest of
the US has the greatest solar potential, a PV panel in New Jersey displaces significantly
more sulfer dioxide, nitrogen oxides, and particulate matter (Siler-Evans et al. 2013).
Pfenninger & Staffell used empirical data
from sample sites in various European
nations in order to determine the capacity
factors

cited

in

Figure

2.2.

It

is

acknowledged that the accuracy of the
results improves with more sample test
sites, the number of which is indicated by
n. This data set indicates that there is
significant regional variability for PV
generation potential within the European
Union (EU) (Pfenninger & Staffell 2016).
Figure 2.2 Mapping of national PV capacity factors using
quantity of sample test sites, n, (Pfenninger & Staffell 2016)

The implications of definined regional
variability for renewable resources are

vast and should be considered when making long-term investments in global renewable
energy capacity.
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2.4. International Energy Trade
There are several well-documented mechanisms for the international trade of energy
commodities. Bunn and Zachmann investigate the widely-used technology of high-voltage
interconnectors that allow for electricity trade between separate regional markets (Bunn &
Zachmann 2010).
Fossil fuels, almost entirely comprised of oil, natural gas, and coal, are some of the world’s
most widely traded resources. Crude oil is the most widely traded energy commodity, with its
trade in 2010 representing more than the trade of natural gas and coal combined. As with
coal, oil, and natural gas reserves are not frequently located near demand centres; this
encourages both interregional and international trade (Jacobs 2011)
Roughly 30% of all natural
gas

produced

is

internationally.

traded
This

percentage is lower than the
ratio seen in oil, but greater
than

the

trade-production

ratio of hard coal (Jacobs
2011). Natural gas trade
almost entirely consists of
Pipeline Natural Gas (PNG)
and Liquified Natural Gas
(LNG) (Jacobs 2011).
Figure 2.3 illustrates several
of the major international trade

Figure 2.3 Major international gas trade movements (Weijermars 2012)

flows of natural gas and differentiates between PNG trade and LNG trade.

Further

delineation between PNG and LNG trade will follow in latter sections of this literature review.

2.5. Liquified Natural Gas
Liquified natural gas (LNG) is a natural gas transmission technology that is used for bringing
production to market from remote gas fields, thus offering consumers and demand hubs with
alternate supply options from various exporting gas markets (Jacobs 2011).

LNG is

particularly suited for integration with coastal markets and demand hubs due to the high
capital costs of using Pipeline Natural Gas (PNG) for transmission across large bodies of
water and over long distances; consequently, LNG accounts for nearly 75% of all longdistance natural gas trade according to a 2011 report (Jacobs 2011).
12 | P a g e
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The liquification of natural gas
requires a complex process by
which gas is cooled to minus
160o C in LNG trains, and the
volume reduces by a factor of
~600

for

transportation

specialized
(Jacobs
2009).

LNG

tankers

2011)(Najibi
The

LNG

in

et
is

al.
then

converted back into its original
gaseous state in re-gasification
Figure 2.4 Production & trade trends for LNG between 2000-2010 (Jacobs 2011)

terminals; both liquification and
re-gasification

facilities

are

typically located onshore (Najibi et al. 2009). After re-gasification the product is treated as
an equivalent product to PNG and is dealt with in the normalized units of natural gas – unit
volume at a temperature of 15o C and pressure of 760 mmHG as defined by the International
Energy Agency (IEA 2013)(Egging et al. 2010).
In the first decade of the 21st century, global LNG trade more than doubled; this is compared
to PNG trade, which only increased by roughly 33% over the same time period (Jacobs
2011).

Figure 2.4 illustrates this trend. The rapid growth of LNG trade can be largely

attributed to falling transactional costs due to technological advances that allowed for larger
liquification trains and transport tankers; these technological advances encouraged large
capital investments in both the technology and the global LNG market capacity (Jacobs
2011). While LNG trade is projected to still grow, the rapid pace of this growth might be
slightly curtailed after 2020 when the largest increases in natural gas consumption and
imports are all predicted to come from Asia, a region that has already seen heavy
investment in LNG capacity (Egging et al. 2010). Investments have come at all levels of the
supply chain, including gas field development, LNG liquification trains, LNG tanker fleets,
and LNG import and re-gasification terminals; due to the necessary high value of these
investments, they are largely undertaken by international oil and gas companies or by
government entities (Jacobs 2011). In accordance with conventional wisdom, the required
upfront investment in supporting LNG infrastructure is prohibitive to development of LNG for
small-scale resource bases, or for regions with political uncertainty (Subero et al. 2004;
Najibi et al. 2009)
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The second wave of LNG development, as demarcated by the period of high uptake since
the turn of the 21st century, has been underpinned by a large number of guaranteed
contracts that enable the long-term economic feasibility of infrastructure and capacity
development (Egging et al. 2010). These contracts are often long-term supply contracts that
may span up to 25 or 30 years, though there has recently been a gradual shift to short-term
supply contracts that provide both the producer and consumer with added flexibility; this is a
result of the global LNG market developing and diversifying (Egging et al. 2010). The AsiaPacific market is particularly dependent on long-duration contracts, which accounted for over
90% of all regional exports in 2010 (Egging et al. 2010).

2.6. Trans-market Interconnections
High-capacity transmission lines between separate regional electricity grids are known as
interconnections.

Trans-market interconnections enable the trade of electricity between

separate wholesale electricity markets and have become increasingly popular with the
liberalization of markets and the evolution of the energy sector (Bunn & Zachmann 2010).
The inter-grid connectivity that is achieved via interconnections serves to 1) improve supply
security and reliability; 2) increase competition in the market and therefore lower regional
electricity costs; 3) reduce congestion and ancillary service costs for participating grids; 4)
mitigate the negative effects of market power; and 5.) enable the deferral of investment in
new generation capacity (Turvey 2006).
Theoretically interconnections serve as a means for reducing trade barriers, encouraging
price convergence and synchronization. Electricity is treated as a homogenous good,
enabling the constant and seamless transaction of it between grids and markets (Bunn &
Zachmann 2010). However, due to the physical congestion constraints of interconnectors
and the general limitation of not allowing for bi-directional energy flows, the theoretical
effects are not entirely realized (Bunn & Zachmann 2010). Additionally, due to the nature of
international transmission rights being auctioned separately in each direction, the potential
capacity value of interconnections are not fully utilized (Bunn & Zachmann 2010).
It is important to recognize that the topic of interconnectors and their effects on regional
energy markets is controversial and more complicated than earlier literature indicates. It
was often generally assumed that the introduction of interconnectors between markets would
always reduce the local market power from dominant generators and improve consumer
welfare, though studies have shown that this is not always the case.

In some

circumstances, as indicated by a 2010 study on the Anglo-French Interconnector (IFA), it is
seen that when an overly dominant generator has access to a more competitive
neighbouring market and is also the lowest cost producer, that dominant generator can exert
14 | P a g e
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its market power and lead to negative consumer welfare across both markets (Bunn &
Zachmann 2010). Therefore, the effects that an interconnector has on market efficiency and
consumer welfare depends largely on the particular details of both wholesale electricity
markets and the mechanisms for transacting electricity between regions (Bunn & Zachmann
2010).
Another important finding from the Bunn & Zachmann study on the Anglo-French
Interconnector (IFA) is that some market circumstances might lead to agents exporting
power against the direction of efficient arbitrage (Bunn & Zachmann 2010); this results in
electricity flows from regions with high prices to regions with low prices. The described
behaviour is contrary to conventional wisdom, yet sometimes the consolidation of market
power is a more attractive force for transactional producers than the value of arbitrage. While
it is important to acknowledge the possibility of this behaviour, it is difficult to identify or
monitor due to the loop flows that exist in meshed and synchronized power systems (Bunn &
Zachmann 2010). The 2010 study of the IFA concludes that inefficiencies, under-utilization,
and misuse resulted in losses of € 289M over a four-year period; the majority of these losses
can be attributed to either intentional or accidental withholding of capacity (Bunn &
Zachmann 2010).
Common deficiencies in interconnector design and operation include:
1. Meshed systems that result in complications for calculating and monitoring the
available capacities of regional markets, thus requiring for security margins to be
included as supply redundancy; this reduces the true transmission capacity of the
interconnector. This phenomenon is linked to profit maximizing auctioneering
and subsequent consumer welfare losses (Hoffler & Wittman 2007).
2. Transmission auction mechanisms, which generally precede the energy market
auctions, leading to inefficient prices and increased temporal uncertainty
(Ehrenmann & Smeers 2005).
3. Separate auctions for electricity flows in each direction often fail to consider the
effects of counter flows in the other direction; this limits the net flow capacity and
reduces overall utilization of the interconnector (Bunn & Zachmann 2010).
4. A number of market mechanisms do not require for the return of day-ahead
forward capacity reservations that are not intended to be used; this also limits the
realized utilization of an interconnector (Bunn & Zachmann 2010).
5. The transacting electricity markets might not have the liquidity necessary for
inducing efficient prices and therefore efficient arbitrage (Bunn & Zachmann
2010).
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6. System operators need to be active in the scheduling of flows in each direction to
ensure that the system is balanced and congestion is minimized; if this is not
conducted in real-time and after the trading markets have closed, it might result in
reduced capacity access for markets and under-utilization of the interconnector
(Bunn & Zachmann 2010).
7. The wholesale electricity market reference prices might not accurately reflect the
locational prices at each end of the interconnector; this issue can be mitigated by
using nodal prices, but this will still not result in entirely accurate values (Bunn &
Zachmann 2010).
8. Local congestion at the ends of an interconnector may encourage generators to
compensate for anticipated export by generating excess capacity for sale, rather
than simply producing at levels that maximize system-wide efficiency (Bunn &
Zachmann 2010).

2.7. Commodity Economics
2.7.1.

Arbitrage and Market Integration

The famous philosopher, mathematician, and economist, Antoine Augustin Cournot first
formally defined the concept of market integration as “an entire territory of which the parts
are so united by the relations of unrestricted commerce that prices take the same level
throughout with ease and rapidity” (Spiller & Huang 1986). While absolute inter-regional
price equality is rarely achieved, different markets are generally considered integrated if the
price differential between a commodity in the more expensive market and the same
commodity in the less expensive market is arbitraged away until the difference is equal to
the associated transactional costs of moving the commodity from one market to another, e.g.
transport, tax, etc. (Federico 2007). A market is defined as “efficient” if prices take into
account all publicly available information and there are no existing opportunities to profit from
the exploitation of information that pertains to the specific commodity market (Blake 2000;
Fama n.d.). The total value of the lowest available commodity price plus the transactional
costs associated with trading it on a market is known as the commodity point; theoretically if
there is any difference between a commodity point and a regional commodity price, arbitrage
should occur until the prices each an equilibrium (Federico 2007).
Market integration and the related topics of long-run price convergence, also known as the
“law of one price” (LOOP), have been studied extensively by economic historians (Federico
2007). There are many historical examples that support the Law of One Price and the
theory of market integration and while the discrete economics of market integration has not
been perfected, the theory has been proven countless times.

Examples of supporting
16 | P a g e
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literature include: O’Rourke and Williamson’s study on the first wave of globalization of the
Atlantic economy during the second half of the 19th century (O’Rourke, K.H. and Williamson
1999); Richardson’s study on disaggregated commodity arbitrage between the U.S. and
Canada (Richardson 1977); Federico’s paper on market integration in post-unification Italy,
especially as it pertained to agricultural commodities such as wheat (Federico 2007) – this is
an especially interesting example because it considers not only technological change but
also significant political realignment, with unification after over a thousand years of division;
Meyer’s study on integration of the European pig market; De Vany and Walls’ investigation
into the efficiency of power pricing on the western transmission grid shows evidence that the
coupling of decentralized markets and local arbitrage can produce a global pattern of almost
perfectly uniform prices over a complex and decentralized transmission network spanning a
broad geographic area (De Vany & Walls 1999); and a number of other investigations whose
findings supported the theory of long-run price convergence and global market integration for
commodities. However certain commodities, for which arbitrage does not take place, are
known as non-tradeables (Richardson 1977).
The theory of commodity arbitrage underpins the broader theory of “global monetarism”,
which states that the “boundaries of almost all markets are world-wide, with startling
conclusions for the efficacy of monetary and exchange-rate policy when confronted with the
implied ‘law of one price’” (Richardson 1977).

Conversely, the absence of commodity

arbitrage in the global marketplace might result in increased levels of short-run volatility
among currency exchange rates (Dornbusch 1976). Richardson’s widely-cited study on the
“law of one price” and commodity arbitrage between the U.S. and Canada resulted in three
definitive conclusions:
1. Occurrences of commodity arbitrage exist for every commodity group, although
for some commodity groups (including non-tradeables) the arbitrage undertaken
is not significant.
2. When commodity arbitrage does occur, it is never perfect.
3. Regardless of whether direct arbitrage takes place, nearly all Canadian
commodity prices respond symmetrically and comparably to the currency
exchange rate.
While the LOOP is a strong indicator of market efficiency, it is only one of a number of
conditions that measure the efficiency of global commodity markets (Fackler & Goodwin
2001); testing efficiency might also be considered a pre-condition for any analysis that
pertains to arbitrage opportunities or the causes of market integration (Federico 2007).
Paradoxically, economists also frequently use market integration, as defined by the degree
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of price transmission between vertically or spatially related markets, as a proxy for market
efficiency (Meyer 2004). This paradox underlines the fact that there is still no consensus on
a unified approach for evaluating market integration (Meyer 2004). Meyer argues that a tworegime threshold model, which both includes a “band of inaction” and remains testable, is
adequate for analysing levels of market integration and that anything less might lead to
biased results (Meyer 2004). This sort of threshold model is an expansion on the older
methods used, e.g. the empirical framework described by Obstfeld and Taylor that was built
using cost of arbitraging goods and the associated prices of those goods (Obstfeld & Taylor
1997).

Theory suggests that if unhedgeable uncertainty exists regarding potential sunk

investments in international arbitrage, then this uncertainty might result in relatively large and
persistent price differentials between regional commodity markets (Obstfeld & Taylor 1997).
Strong connections exist between technology development and market integration.
Progressive developments that have directly been linked with significant market integration
impacts are 1) the transportation revolution, most notably the construction of railway
networks (Federico 2007); 2) the increased productivity of services (Broadberry 1998;
Federico 2007); 3) improvements in price information and inter-regional communications due
to mail services (Kaukiainen 2001) and later the telegraph (Field 1992; Federico 2007) and
the internet; and 4) commodity-specific technologies for enabling trade such as freezers for
meat and fish and LNG tankers for natural gas.

Historically, the first wave of market

integration can be attributed to improvements in market efficiency, and the second wave can
be attributed to reductions in transportation and transaction costs (Federico 2007).

2.7.2.

Law of One Price and Price Convergence

In the modern age there are very few macro-economic topics as widely discussed and as
controversial as the “law of one price” (LOOP), and its implications in widely discussed
issues of globalization (Goldberg & Verboven 2005). While the theory itself has been proven
to be relatively sound and applicable to most commodity markets, the specifics of how LOOP
manifests itself and what criteria are requirements for determining realization of LOOP are
still subject to critique and controversy. Theoretically, if no trade barriers exist then intermarket prices should equalize (A. Protopapadakis 1986)(Bunn & Zachmann 2010). There
have been many studies, such as Goldberg & Verboven’s 2005 economic investigation, that
provide strong evidence supporting the LOOP. Conversely, evidence also exists indicating
that international markets sometimes experience price dispersion (Goldberg & Verboven
2005).
The most documented routes to price co-integration are seen in the removal of trade
barriers, encouragement of arbitrage, cooperative synchronization of tax rates and
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regulations, improvement of market transparency, monitoring of inter-regional and
international price differentials, and stabilization of currency exchange rate volatility; these
are all macroscopic trends that enabled the integration of the national markets in Europe
between the 1970’s and early 2000’s (Goldberg & Verboven 2005). The aforementioned
factors, which are claimed to induce market integration and realization of the LOOP, were
determined through a combination of historical economic theory and a highly detailed
investigation of the European automobile market’s integration from the 1970’s onward; this
allowed for a comparison of homogenous products across national boundaries using a
detailed and well-documented data set for analysis (Goldberg & Verboven 2005).
A frequently noted sub-topic of the LOOP is the “band of inaction”, which is a range of price
differentials between the determined commodity point and the regional commodity price that
leaves trading agents ambivalent to arbitrage opportunity (Obstfeld & Taylor 1997; Goldberg
& Verboven 2005). This range of price differentials can be determined through analysis of
commodity points, which result in identification of thresholds that delineate regions without
central price tendency; these “bands of inaction” indicate the lack of arbitrage, which is often
caused by uncertainty or transaction costs (Obstfeld & Taylor 1997). The “band of inaction”
is strongly linked to the speed of price convergence, dictating that large price differences will
be reduced faster than small price differences; recent findings from a study of global price
convergence in duty-free shops supports these claims (Asplund & Friberg 2001).
A number of complications exist surrounding short-term price convergence with regards to
the LOOP. Transport costs and supporting investments limit the range of price fluctuations,
and therefore the rate of price convergence (Obstfeld & Taylor 1997). Additionally, the time
that elapses during the transportation of goods between markets allows for a period during
which price differentials can exceed the cost of transport (Coleman 1995). Uncertainty and
the requirement of investment for setting up or expanding foreign retail distribution networks
can result in larger “bands of inaction”, in which relatively large price fluctuations can occur
before arbitrage is undertaken (Dumas 1992; Dixit 1989; Krugman 1989). Other examples of
these sorts exist, depending on the markets involved and the commodity being traded.
While short-term manifestation of the LOOP is controversial, long-run price convergence is
much more certain and predictable (Obstfeld & Taylor 1997). Some studies report that halflives of price convergence for tradable commodities is frequently as short as one to two
years, or as long as five to six years (Parsley & Wei 2001). A common convention for
describing the rate of price convergence and the associated volatility of prices between two
countries is describing how much “distance” is between them. For instance, Engel and
Rogers reported that the US-Canada border is “2500 miles wide”, meaning that trade
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between nations inherently adds an imaginary 2500 miles between the trading hubs (Engel
& Rogers 1994).

Meanwhile, Parsley and Wei determined the US-Japan border to be

“43,000 trillion miles wide” due to all of the complexities involved with transacting goods
across the substantial landmass of North America, and then undertaking the trans-Pacific
voyage (Parsley & Wei 2001; Goldberg & Verboven 2005). These border “distances” are
ever-changing, depending on the previously mentioned factors, making it extremely hard to
determine if the violation of commodity points within the band of inaction is a semipermanent condition or if it merely will take a longer period for prices to adjust (Federico
2007).

Additionally, as economies and markets of the world continue to globalize, the

barriers to international trade are diminishing; this is resulting in the distinction between
national and international markets becoming less pronounced (Goldberg & Verboven 2005).

2.8. Energy Storage Technologies
While a broad variety of energy storage technologies (EST) exist, and are viable for various
application in the energy sector, this analysis will be mainly focused on Vanadium-redox flow
batteries (VRBs) and Li-ion batteries. Figures 2.5 & 2.6 below presents a comparison of the

Figure2. 5 A comparison of the best performance and typical figures of energy storage systems (Alotto et al. 2014)

leading ESTs and provide context for the in-depth sections on VRBs and Li-ion batteries
(Alotto et al. 2014; Akinyele & Rayudu 2014).
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Figure 2.6 A comparison of properties and characteristics for energy storage systems (Akinyele & Rayudu 2014)

As indicated in the figures above, there is a
broad range of nearly every performance
characteristic for existing ESTs. The
technical characteristics of various ESTs
dictate which of the energy storage
applications each technology is best suited
for.
Figure 2.7, to the right, displays typical
capital costs for each of the major EST

Figure 2.7 A comparison of typical capital costs for energy
storage systems (Zhao et al. 2015)

categories (Zhao et al. 2015). Similarly, to
the performance characteristics of ESTs, the associated capital costs for various ESTs vary
greatly; this information is crucial for making financially viable energy storage business
models.

2.8.1.

Vanadium-redox Flow Batteries

Vanadium-redox flow batteries (VRB) are a focal technology for this literature review due to
their ability for two-way energy flows, the option for independent power/energy sizing, high
efficiency, easy scalability, long service life, fast response times, reasonable operating
temperatures, low environmental impact, and long charge/discharge cycle life (Alotto et al.
2014). VRBs are the most researched and commonly implemented flow batteries and their
history can be traced back over 80 years. In 1933 P.A. Pissoort first acknowledged the
potential for a vanadium redox in a French patent, and the first commercial development
patent for a VRB was undertaken by Skyllas-Kazacos at the University of New South Wales
of in 1986 (Rychcik & Skyllas-Kazacos 1988; Sum & Skyllas-Kazacos 1985; Sum et al.
1985). In the first six months of 2013 alone, over 100 academic papers have been published
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on VRBs; this is indicative of the technology’s high potential for commercial development
and application (Alotto et al. 2014).
Vanadium-redox flow batteries (VRBs) are classified as electrochemical energy conversion
devices that can be used effectively for large-scale energy storage (Alotto et al. 2014). VRBs
function through electrochemical reduction and oxidation reactions between two, separately
stored electrolyte solutions (Skyllas-Kazacos & Chakrabarti 2011). In a similar process to
traditional fuel cells, the flow and recombination of electrons across a semi-permeable
membrane enables the generation of electric current via an imbalance of charges between
anolyte and catholyte (Alotto et al. 2014).
Figure 2.8 shows the four oxidation states
of vanadium seen in the VRB reaction;
these four states of vanadium enable the
battery to have only one active element,
thus allowing for completely reversible
Figure 2.8 The stoichiometric VRB reaction (Alotto et al. 2014)

energy conversion (Luo et al. 2015; Alotto
et al. 2014).

The absence of ion metal

consumption in the reaction also contributes to the long service life of VRBs (Alotto et al.
2014).
The relative simplicity of vanadium-redox flow batteries contribute to both their low upfront
costs and low operating costs (Zakeri & Syri 2015). The Nafion used in VRB cell membranes
is the single most expensive component of a VRB system (Alotto et al. 2014). The system
requires 1) two, low-cost storage tanks (often polyethylene or rubber) for the respective
anolyte and catholyte solutions; 2) two pumps for electrolyte circulation and control; 3) a
relatively simple control system that both monitors the state of charge (SOC) via cell voltage
and controls temperature through management of the flow rate, allowing for operations at
performance-maximizing conditions (Xiong et al. 2013); and 4.) a separate power conversion
system that allows for custom power and energy sizing (Alotto et al. 2014). The nature of
having an independent power conversion system allows for the capacity of VRBs to be
easily scaled up by simply expanding the volume of the electrolyte storage tanks (Alotto et
al. 2014).
While the voltage of a single VRB cell is close to 1.5V, this can be increased easily through
the connection of multiple cells in series (Alotto et al. 2014). The current density of a VRB is
generally in the range of 50-80 mA/cm3 and the power density is extremely low, exhibiting
values around 0.1 W/cm3 (Alotto et al. 2014). Low power and energy densities currently limit
VRBs to stationary applications; this is extremely important to consider for the scope of the
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MEST application analyses presented in this dissertation. (Akinyele & Rayudu 2014). Cycle
efficiencies are as high as 85%, though this largely depends on the associated power
conversion system (Yang 2011).
Response rates can be faster than 0.001 second, which when coupled with the potential for
an extremely high energy capacity, enable VRBs to be used for nearly any ESS application
(Alotto et al. 2014). VRBs have an overload tolerance of up to 400% over the course of 10
seconds; while they are capable of overloading for longer durations, this may result in
electrode delamination (Alotto et al. 2014).

Additionally, the electrolytes of VRBs must

remain between the temperatures of 15o C and 35o C in order to avoid solution precipitation
(Alotto et al. 2014).
The largest VRB facility in the word is a 4MW/6MWh plant in Japan that was installed in
2005; this can withstand an overload of up to 6 MW and has performed well in managing
the power oscillations for wind farms (Alotto et al. 2014). This plant completed over 270,000
cycles over its first 3 years of operation (Alotto et al. 2014).
Experimental VRB cells, some of which use non-aqueous solutions, have demonstrated
much higher energy and power densities than the currently installed technology; this is
indicative of the promising future for VRBs and the large potential for improvement (Aaron et
al. 2012; Jia et al. 2010). Some experts even anticipate that immense improvement of the
energy and power densities will make VRBs appropriate for use in electric vehicles (Alotto et
al. 2014).

2.8.2.

Lithium-ion Batteries

Lithium-ion batteries (Li-ion) are one of the most common energy storage devices in the
world; this EST is especially well recognized in the electronics and transportation industries,
seeing widespread use in both electric vehicles and grid applications (Whittingham 2012).
Some of the most attractive properties of lithium-ion are its extremely high energy density,
remarkably low self-discharge rate, efficiency near 100%, response times in the
milliseconds, and cycle life of over 10,000 (Chen et al. 2009; Vazquez et al. 2010; Akinyele
& Rayudu 2014). Another unique characteristic of Li-ion batteries is that they do not exhibit
any “memory effect”, a phenomenon frequent in many other electrochemical ESTs, by which
partial charge cycles negatively affect long-term performance of the battery (Akinyele &
Rayudu 2014). Li-ion batteries are unique due to their efficiency of up to 98% and their low
discharge rate of ~0.1% per day; these are among the highest and lowest values,
respectively, for any energy storage system (Bradbury et al. 2014).

Unattractive

characteristics of Li-ion are that depth of discharge (DoD) can negatively affect the service
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life and the batteries require an on-board computer control system, which contributes to the
high cost of Li-ion (Luo et al. 2015).
A lithium-ion battery consists of 1) a negative electrode that is made of graphite; 2) a positive
electrode that is made of lithium-metal oxide such as LiCoO2 or LiNiO2; 3) an electrolyte
consisting of a lithium salt, such as LiPF6 or LiClO4, that has been dissolved in a nonaqueous solution of organic carbonate solvents; and 4) the supporting housing and control
systems (Chen et al. 2009). The migration of lithium cations to either the anode or cathode
results in the charging and discharging of the system; this is a completely reversible reaction
that enables Li-ion batteries to be used in a flexible range of services (Yang et al. 2010;
Kebede et al. 2014; Whittingham 2012).
The bulk of Li-ion expenses come in the form of upfront cost and the cost of battery
replacement, while the operation and maintenance costs are extremely low (Zakeri & Syri
2015). It is important to recognize that this technology is experiencing one of the most
dramatic cost reductions in the field, as indicated by a 14% annual reduction in industry-wide
cost estimates between 2007 and 2014 (Nykvist & Nilsson 2015).

Figure 2.9 Historical costs of Li-ion battery packs & future cost projections (Nykvist & Nilsson 2015)

As seen in Figure 2.9, market-leading Li-ion manufacturers have achieved the lowest costs
(already below $300/kWh), and are still experiencing an 8% annual cost reduction (Nykvist &
Nilsson 2015). Even these low reported values are believed to be overvaluations; some
suggest that the true cost for leading manufacturers is even lower than publicly recognized
(Nykvist & Nilsson 2015).
Economies of scale will largely impact the future cost of Li-ion and the continued cost
reduction. Tesla and Panasonic have claimed that economies of scale will reduce their
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production costs by more than 30% in 2017 (Tesla 2014), and leading researchers anticipate
that a cost of $200/kWh will be achieved by the time global output reaches only 100,000
battery packs per year (Nykvist & Nilsson 2015). A 2012 report by McKinsey predicts that
costs will fall below $200/kWh by 2020, and below $160/kWh by 2025 (McKinsey 2012).
The combination of a continual improvement of performance and this substantial reduction in
cost have made Li-ion batteries one of the most promising future energy storage
technologies; especially for electric vehicles and large-scale storage (Kyriakopoulos &
Arabatzis 2016).

2.9. Synopsis
The information discussed above identifies spatial electricity arbitrage via large-scale
transportation of electrochemical as an uninvestigated and theoretically feasible value
stream. Commodity economics, energy storage technology trends, regional differences in
renewable energy resources, and current investment trends in renewable generation all
indicate that some level of spatial arbitrage of renewably-sourced energy is feasible,
economically practical and indicated in the future; however, when it becomes commercially
viable is dependent on the pace of ESS technology development and the behaviour of other
global energy markets.
The development of an integrated approach to the issues identified in this thesis aims to
explore and enable interregional electricity trade. This research has potential for substantial
impact on development, finance, transmission, and trade models for renewable energy. A
globalized electricity economy, in which renewably-sourced energy can be stockpiled and
traded across markets, would both enable and accelerate further development of renewable
generation across the globe, and unlock value in the largely untapped market of spatial
electricity arbitrage.
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3. Methodology
Energy
Storage
Capacity
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Assumptions

Delivery
Schedule

Annual
Electricity
Delivery
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Cash Flow

The following methodology was devised to conduct a techno-economic analysis on the
feasibility of MEST over a range of scenarios; it aims to accurately model the process of
transporting and selling electricity using batteries in conjunction with freight transportation;
e.g. shipping a freight container of charged batteries to an island with expensive electricty.
Each step of the methodology was created with the goal of being straightforward and
conservative. Li-ion and vanadium redox flow energy storage technologies are focused on in
this investigation; these were identified as two highly-suitable energy storage technologies
from the literature reviewed above. Multiple variations of mathematical models were devised
to allow incomparable input data to generate the same class of output data and provide
readily comparable and interpretable results for analysis.

3.1. Define Key Assumptions
Energy
Storage
Capacity

Key
Assumptions

Delivery
Schedule

Annual
Electricity
Delivery

Degradation

Costs &
Revenues

Cash Flow

Performance
Metrics

Key assumptions are defined based on the specific scenario in question. Assumptions are
categorized as either 1) Energy Storage Technology Assumptions; 2) Mobile Energy Storage
Container (MESC) Specification Assumptions; 3) Infrastructure and Support (I&S)
Assumptions; 4) MESC Transportation Assumptions; or 5) Contract Assumptions.
Table 3.1 Key Assumption Classifications used in the Methodology
Energy Storage Technology

Infrastructure & Support

Specific Energy (kWh/kg)

Upfront Cost ($/MWh)

Energy Density (kWh/L)

Operating Costs ($/MW/yr)

Capital Cost ($/kWh)

Efficiency (%)

O&M ($/MW/yr)

MESC Transportation

RTE (%)

Fixed Costs ($/yr)

Cycles (Until 70% Capacity)

Marginal Costs ($/Transit Cycle)

Residual Value ($/kWh)

Max Transit Frequency (cycles/wk)

Initial DoD (%)
MESC Specifications
Volume (m3)

Contract
Arbitrage Value ($/MWh)
Weekly Supply/Demand Schedule
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3.2. Determine Energy Storage Capacity Parameters
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Energy Storage Capacity Parameters are calculated for the MEST system to support
subsequent calculations and determine the Initial electricity delivery capacity (EDC); this
value is frequently used to define the quantity of electricity delivered in a recurring schedule.

3.2.1.

Total Owned Energy Storage Capacity Calculation

Total owned energy storage capacity is calculated using Equation 1, in which energy density
of the energy storage technology (EST) is defined in kilowatt-hours per litre, volume of the
MESC is defined in litres, and the number of MESCs owned is a scalar multiplier. The
resulting value for total owned storage capacity is defined in kilowatt-hours.
∗

∗

=
(1)

Calculation of the Total Owned Energy Storage Capacity is critical for estimating the cost of
both MES CAPEX and MES residual value.

3.2.2.

Initial Electricity Delivery Capacity Calculation

Initial EDC is calculated using Equation 2; in which energy density of the EST is defined in
kilowatt-hours per litre, volume of the MESC is defined in litres, and the Initial depth of
discharge (DoD), MES round trip efficiency (RTE), and infrastructure and support (I&S)
efficiency are defined as percentages. The resulting value for initial EDC is defined in
kilowatt-hours.
∗

∗

∗

∗ &

=
(2)

As previously mentioned, initial EDC is used to define the quantity of electricity supplied to
the grid per MESC delivered. While variable, independently sized electricity delivery
quantities might allow for a better optimized MEST model, and this relationship assumption
enables the construction of a simple and conservative model that is appropriate for this
preliminary investigation. As a key driver of MES degradation, the initial EDC plays an
integral role in defining the maximum contract length.
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3.2.3.

Maximum Electricity Delivery Capacity Calculation

Maximum EDC is calculated using Equation 3, in which energy density of the EST is defined
in kilowatt-hours per litre, volume of the MESC is defined in litres, and the MES RTE and I&S
efficiency are defined as percentages. Equation 3 is an iteration of Equation 2, in which the
initial depth of discharge is replaced with 100%; this indicates that the MES is being
operated to maximize output with the penalty of accelerating MES degradation. The resulting
value for maximum EDC is defined in kilowatt-hours.
∗

∗ 100% ∗

∗ &

=
(3)

The maximum electricity delivery capacity (EDC) is used in scenarios that exhibit brief
periods of uncharacteristically high demand. Allowing for the use of 100% DoD cycles
prevents anomalous periods of high demand from forcing the entire MEST system to be
scaled up; this augmentation creates a more cost-efficient model for flexible demand
scenarios.
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3.3. Determine the MESC Delivery Schedule
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The mobile energy storage container (MESC) delivery schedule is the logistical foundation of
the MEST model. Once established, the delivery schedule defines transit frequencies for
each week of the year, and ensures that all transportation modelled is within the scenariospecific parameters.

3.3.1.

Standard Weekly Transit Frequency Calculation

The standard weekly transit frequency indicates how many transit cycles need to occur each
week in order to provide the weekly power demand using the standard assumption that an
electricity delivery is sized to equal the initial EDC. A “transit cycle” is defined as the duration
of time over which an MESC completes the following four phases: 1) Charge; 2) Delivery; 3)
Discharge; and 4) Return.

Charge

Delivery

Return

Discharge

Figure 10 The Standard MESC Transit Cycle

3.3.1.1.

Demand-based Standard Weekly Transit Frequency Calculation

In demand-controlled scenarios, Equation 4.1 is used to calculate the standard weekly
transit frequency. Weekly demand is defined in kilowatts, initial EDC is defined in kilowatthours, and the resulting weekly transit frequency is defined in transit cycles per week.
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∗ 168

ℎ
=
(4.1)

3.3.1.2.

Supply-based Standard Weekly Transit Frequency Calculation

In supply-controlled scenarios, Equation 4.2 is used to calculate the standard weekly transit
frequency. Weekly demand is defined in kilowatts, initial EDC is defined in kilowatt-hours,
and the resulting weekly transit frequency is defined in transit cycles per week.

∗ 168

ℎ
=
(4.2)

If anomalous weeks exist in which the weekly transit frequency calculated using Equations
4.1 & 4.2 exceeds the maximum allowable weekly transit frequency, the transit frequency for
those weeks must be recalculated using maximum capacity assumptions. If calculated
weekly transit frequencies regularly exceed the maximum allowable weekly transit
frequency, then the MESC size and energy storage parameters must be scaled up
appropriately.

3.3.2.

Maximum Capacity Weekly Transit Frequency Calculation

Under maximum capacity assumptions, Equations 4.3.1 & 4.3.2 are used to calculate weekly
transit frequencies for respective demand-controlled and supply-controlled scenarios.
Weekly demand is defined in kilowatts, initial EDC is defined in kilowatt-hours, and the
resulting weekly transit frequency is defined in transit cycles per week.

∗ 168

ℎ
=
(4.3.1)

∗ 168

ℎ
=
(4.3.2)

While maximum capacity weekly transit frequencies might be used to spell brief periods of
high demand, overuse of this mechanism could result in an inaccurate degradation
schedule; in turn, leading to an overestimation of maximum contact length. Therefore, the
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decision to either scale up the MESC or operate using maximum capacity assumptions is left
to the investigator’s discretion; conservative baseline degradation assumptions should
counterbalance any accelerated degradation due to infrequent maximum capacity operation.

3.3.3.

Individual MESC Transit Frequency Calculation

For instances in which an investigation includes complicated or non-symmetric MES
logistics, Equation 5 is used to calculate the transit frequency of individual MESCs. Transit
cycle duration is defined in hours, and MESC transit frequency is defined in transit cycles per
week; these values are calculated independently for each MESC in operation

168

=

ℎ

(5)
The resulting value represents the maximum weekly transit frequency of each individual
MESC.

3.4. Determine Aggregate Annual Electricity Delivery
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The primary revenue stream for MEST models in this investigation is created by transacting
electricity between two markets with an electricity price differential. While scenario-specific
arbitrage value is defined as a key assumption, the aggregate annual electricity delivery
must be calculated prior to determination of annual arbitrage revenue.

3.4.1.

Demand-based Annual Electricity Delivery Calculation

In demand-controlled scenarios Equation 6.1 is used to calculate the aggregate annual
electricity delivery. The resultant value, defined in kilowatt-hours, is calculated by taking the
aggregate of all weekly electricity demand volumes.

∗ 168

ℎ

=
(6.1)

3.4.2.

Supply-based Annual Electricity Delivery Calculation

For supply-controlled scenarios Equation 6.2 is used to calculate the aggregate annual
electricity delivery. The resultant value, defined in kilowatt-hours, is calculated by taking the
aggregate of all weekly electricity supply volumes.
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∗ 168

ℎ

=
(6.2)

3.5. Determine Degradation-based Contract Limitations
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The preliminary model used in this investigation does not allow for the option of MES
replacement or supplementation; therefore, the contract length is generally determined by
MES degradation. Remaining in line with the straightforward and conservative nature of the
model, the upper limit on contract length is defined as when the MES degrades to a point
when maximum electricity delivery capacity no longer exceeds the initial electricity delivery
capacity; i.e. when the full quantity of electricity delivered per cycle can no longer be
delivered due to battery degradation.
Thirty years is used as the absolute upper limit of contract length, regardless of MES
degradation; this absolute limit allows for a grounded financial analysis that is lacking when
projects are amortized over unrealistically long periods of time.

3.5.1.

Li-ion Degradation-based Contract Limitations

For scenarios using Li-ion energy storage technology, a linear degradation curve is
assumed. The maximum contract length is determined by first calculating the number of
discharge cycles that each MESC undergoes each year. The annual cycle volume is then
used to calculate the year at which the maximum capacity of the MEST system reaches 70%
its initial maximum capacity. Lastly, the degradation schedule is composed such that the
maximum EDC for each year can be compared to the initial EDC of the projects; enabling
identification of the maximum contract length.
3.5.1.1.

Annual Cycle Volume Calculation

For Li-ion technology scenarios Equation 7 is used to calculate the annual cycle volume; the
aggregate number of transit cycles per year is multiplied by the number of discharge cycles
per MESC per transit cycle. The resulting annual cycle volume is defined in terms of
discharge cycles per year.

∗

ℎ

=
(7)
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3.5.1.2.

Degradation-based Delivery Schedule Composition

The first step in composing the degradation-based delivery schedule is identifying the year in
which the maximum electricity delivery capacity falls below the controlled quantity of
electricity delivered per transit cycle; a quantity defined as the initial EDC in this
investigation. These combined calculations serve as approximate estimates.
Equation 8 is used to identify the year in which the maximum capacity of the MEST system
reaches 70% its initial maximum capacity. Lifetime is defined as the number of cycles the Liion ESS can undergo before degrading to 70% of its nominal capacity. The calculated n70% is
then rounded down to the nearest whole number to make the degradation schedule more
conservative; experts are still trying to reach a consensus on how to best model Li-ion
degradation in non-standard environments.

(

)=

%

(8.1)
Equation 9 is used to define the maximum EDC during each year. Equation 9 is constructed
to represent linear degradation behaviour between year zero and n70%. All EDC values are
defined in kilowatt-hours, and all n values are defined in years.

− ( − 1) ∗

.3 ∗
%

−1

=
(9)

Maximum Contract Length Identification
The maximum EDC of each contract year is then compared to the initial EDC, and the
maximum contract length is identified as the last year, n, in which Delivery Capacityn < initial
electricity delivery capacity. As previously noted, thirty years is used as the absolute upper
limit for maximum contract length in this investigation.

3.5.2.

VRB Degradation-based Contract Limitations

Vanadium redox flow batteries (VRBs) exhibit negligible degradation throughout the course
of their service life; therefore, degradation is not considered in determination of contract
length. The maximum contract length is simply calculated by calculating how many years the
MEST system can operate before reaching VRB’s nominal lifetime.
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3.5.2.1.

Annual Cycle Volume Calculation

Equation 7 is also used to calculate the annual cycle volume for VRB technology scenarios;
the aggregate number of transit cycles per year is multiplied by the number of discharge
cycles per MESC per transit cycle. The resulting annual cycle volume is defined in terms of
discharge cycles per year.
3.5.2.2.

Maximum Contract Length Calculation

Equation 8.2 is used for the calculation of the maximum contract length; lifetime is defined in
terms of discharge cycles, and annual cycles is defined as the number of discharge cycles
that each MESC undergoes per year. As noted, thirty years is used as the absolute upper
limit for maximum contract length in this investigation.
(

)=
(8.2)

3.6. Construct MEST Project Cash Flow
Key
Assumptions

Energy
Storage
Capacity

Delivery
Schedule

Annual
Electricity
Delivery

Degradation

Costs &
Revenues

Cash Flow

Performance
Metrics

The MEST project cash flow is the foundation for all economic analyses included in this
investigation. Construction of the project cash flow entails the annualized compilation of all
cost and revenue streams and the subsequent calculation of four common project finance
metrics, internal rate of return (IRR), modified internal rate of return (MIRR), net present
value (NPV), and cash-on-cash (CoC).

3.6.1.

Mobile Energy Storage (MES) Costs

Costs related to the MES component of the model are classified as either MES CAPEX or
MES OPEX.
3.6.1.1.

MES CAPEX

MES CAPEX, as calculated in Equation 10, represents the upfront capital expenditure that is
required for procurement of the MES system. Equation 10 is used to calculate the MES
CAPEX. Total owned storage capacity is defined in kilowatt-hours; capital cost is defined in
dollars per kilowatt-hour; the resultant MES CAPEX represents a non-recurring expense in
dollars.
∗

=
(10)
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3.6.1.2.

MES OPEX

MES OPEX, as calculated in Equation 11, represents the recurring annual expenditure is
that is required for operation and maintenance of the MES system. O&M is defined in dollars
per kilowatt per year; total owned storage capacity is defined in kilowatt-hours; MES duration
is defined as the number of hours that each MESC is designed to regularly discharge; the
resultant MES OPEX represents a recurring annual expense in dollars.

&

∗

=
(11)

3.6.2.

Infrastructure and Support (I&S) Costs

Costs related to the infrastructure and support components of the model are classified as
either I&S CAPEX or I&S OPEX.
3.6.2.1.

I&S CAPEX

I&S CAPEX represents the upfront capital expenditure that is required for procurement and
installation of MEST infrastructure and support systems.
Li-ion Equation
For Li-ion technology scenarios, Equation 12.1 is used to calculate I&S CAPEX, in which
upfront cost is defined in dollars per kilowatt-hour; total owned storage capacity is defined in
kilowatt-hours; and the resultant I&S CAPEX represents a non-recurring expense in dollars.
∗

= &
(12.1)

VRB Equation
For VRB technology scenarios, Equation 12.2 is used to calculate I&S CAPEX; in which
upfront cost is defined in dollars per kilowatt; maximum power demand is defined in
kilowatts; maximum power supply is defined in kilowatts; and the resultant I&S CAPEX
represents a non-recurring expense in dollars.
(

∗

)+(

∗

)= &
(12.2)

3.6.2.2.

I&S OPEX

I&S OPEX, as calculated in Equation 13, represents the recurring annual expenditure that is
required for operation and maintenance of MEST infrastructure and support systems. O&M
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is defined in dollars per kilowatt per year; max power demand is defined in kilowatts; max
power supply is defined in kilowatts; and the resultant MES OPEX represents a recurring
annual expense in dollars.
( &

)+( &

∗

)= &

∗

(13)

3.6.3.

Transport Costs

Costs related to the transportation of MESCs from charge location to discharge location are
classified as transport OPEX.
To remain in line with the straightforward and conservative nature of this investigation, all
transportation costs are determined on an annual basis. The aim of this investigation is not
to consider the financial feasibility of investment in freight vessels, therefore all
transportation estimates used are either from freight service or pro rata charter service
current costs.
3.6.3.1.

Transport OPEX

Equation 14 is used to calculate the annual transport OPEX; average transit frequency is
defined in transit cycles per week; marginal costs are defined in dollars per transit cycle;
MESCs owned is a scalar quantity that represents the number of MESCs in operation; fixed
costs are defined in dollars per year; and the resultant transport OPEX represents a
recurring annual expense in dollars.
∗ 52

∗

∗

+

=

(14)

3.6.4.

Revenues

All revenue considered in this investigation can be categorized into one of three distinct
revenue streams; annual arbitrage revenue; annual ancillary service revenue; and residual
MES value.
3.6.4.1.

Annual Arbitrage Revenue:

Annual arbitrage revenue is the primary revenue stream in this investigation. The arbitrage
revenue, as calculated in Equation 15, is representative of the revenue generated from
intermarket electricity arbitrage; i.e. buying electricity in a lower priced market and selling it in
a higher priced market. Electricity delivered per year is defined in kilowatt-hours per year;

36 | P a g e

Macklis 2017
arbitrage value is defined in dollars per kilowatt-hour; and the resultant arbitrage revenue
represents a recurring annual income in dollars.
∗

=
(15)

3.6.4.2.

Annual Ancillary Service Revenue

Under certain circumstances it might be appropriate to include an ancillary service revenue
stream from grid-level services. Equation 16 is used to calculate the annual ancillary service
revenue; ancillary value is an assumption defined in dollars per kilowatts per year; ancillary
utilization rate is indicative of the typical percentage of maximum power supply that is
available for ancillary services; maximum power supply is defined in kilowatts; and the
resultant ancillary service revenue represents a recurring annual income in dollars.
Unless explicitly stated, the annual ancillary service revenue is assumed to be zero.
.

∗

.

∗

=

.
(16)

3.6.4.3.

Residual MES Value

The residual MES value, as calculated in Equation 17, represents the end-of-service-life
value for the MEST system. Scrap value is defined in dollars per kilowatt-hour of initial
owned storage; total owned storage is defined in kilowatt-hours; and the resultant residual
MES value represents a non-recurring income, in dollars, that occurs in the final year of the
contract.
∗

=
(17)

3.6.5.

Aggregation of Annual Cash Flows

The final step in construction of the MEST project cash flow is aggregation of all annual cash
flows into net annual cash flows. Net annual cash flows are categorized as either the “year
zero cash flow”, a “typical year cash flow”, or the “final year cash flow”.
3.6.5.1.

Year Zero Cash Flow

All upfront capital expenditures are compiled into the “year zero cash flow”, a negative cash
flow that occurs one year before the start of service. The year zero cash flow is calculated
using Equation 18.
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−1 ∗ (

)=

+ &

(18)
3.6.5.2.

Typical Year Cash Flow

The cash flow in a typical year, as calculated in Equation 19, consists of all recurring annual
cash flows. The “typical year cash flow” is used for every contract year between year one
and the penultimate contract year.
+

.

−

− &

−

=

(19)
3.6.5.3.

Final Year Cash flow

The “final year cash flow”, as calculated in Equation 20, represents the sum of a typical year
cash flow and the residual MES value. This positive cash flow occurs in the final contract
year and assumes complete liquidation of MES assets based on recycled value of the raw
materials.
ℎ

+

=
(20)

3.7. Determine Financial Performance Metrics
Key
Assumptions

Energy
Storage
Capacity

Annual
Electricity
Delivery

Delivery
Schedule

Costs &
Revenues

Degradation

Cash Flow

Performance
Metrics

Four financial performance metrics are used to provide context for subsequent economic
analysis. The 1) internal rate of return (IRR); 2) modified internal rate of return (MIRR); 3) net
present value (NPV); and 4) cash-on-cash (CoC) are calculated using Equations 21-23 and
information from the project cash flow.

3.7.1.

Net Present Value (NPV)

Equation 21 is used to calculate the net present value (NPV) of a MEST project; n is defined
as the contract year; Cashflown is defined as the net cash flow in year n; r is defined as the
assumed discount rate; and Cashflow0 is defined as the “year zero cash flow”.

=

ℎ
(1 + )

−

ℎ
(21)

NPV indicates financial equivalency of all project cash flows in present-day value, where
future cash flows are discounted using an assumed rate. A positive NPV indicates economic
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feasibility and market-relative profit; a negative NPV indicates that a financier would
experience greater returns on an investment at the defined rate. NPV is a useful metric for
determination of economic feasibility and comparison of project value over a defined
duration. However, NPV is largely driven by the assumed rate, r, and therefore must be
interpreted in parallel with alternative financial metrics; small variation in the r assumption
can result in significant discrepancies between NPV for projects with long contract length.

3.7.2.

Internal Rate of Return (IRR)

The internal rate of return (IRR) indicates the discount rate at which a project’s NPV equals
zero. Equation 21 is used to calculate IRR by setting the left side of the equation to zero and
solving for rate r. Determination of the IRR enables financial comparison between project
returns and returns from other investment options. Similar to NPV, a positive IRR indicates
economic feasibility and nominal profit; a negative IRR indicates that a financier will lose
money investing in the project.

3.7.3.

Modified Internal Rate of Return (MIRR)

The modified internal rate of return (MIRR) metric follows the same principle as the IRR
metric; indicating the discount rate at which a project’s present value is equal to zero. The
aspect in which MIRR differs from IRR is the reinvestment of positive cash flows; IRR
reinvests positive cash flows at the IRR rate, whereas MIRR reinvests positive cash flows at
an assumed rate, reinvestment rate. MIRR is calculated using Equation 22 below, in which
FV is defined as the future value of positive cash flows at the assumed reinvestment rate,
and PV is defined as the present value of negative cash flows at the assumed finance rate.

(22)
MIRR is particularly useful for comparing the financial value between investments of different
magnitudes. Additionally, significant difference between IRR and MIRR might be indicative of
inaccurate rate assumptions.

3.7.4.

Cash on Cash (CoC)

Cash-on-cash (CoC) is a financial metric used to indicate the non-discounted rate of return
on an initial capital investment. For the purpose of this investigation, and as calculated in
Equation 23, CoC represents the non-discounted rate of return over the course of the entire
contract length. n is defined as the contract year; Cashflown is defined as the net cash flow
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in year n; r is defined as the assumed discount rate; and Cashflow0 is defined as the “year
zero cash flow”.
=

∑

ℎ
ℎ
(23)

CoC calculations are ignorant of discount rates and are best used to compare investments
over identical periods of time. A CoC greater than one indicates that the sum of future cash
flows is greater than the initial investment; a CoC less than one indicates that the project’s
future cash flows will not pay off the initial investment. For example, a CoC of 2.0x would
indicate that the sum of project cash flows during operation equal twice that of the initial
investment in year zero.

3.8. Comparison to Submarine Cable Alternative
Financial performance metrics of the MEST system are then compared to corresponding
metrics of an equivalent cabled transmission system. The cost of an equivalent submarine
cable system is estimated using Dr. Kristen Schell’s multivariable adaptive regression
splines (MARS) model, as published in “Probabilistic cost prediction for submarine power
cable projects” (Schell et al. 2017); characteristics of cable design are selected to mirror
those of existing projects with similar power and distance parameters.
Financial competitiveness of the submarine cable alternative is analysed by substituting all
negative MEST cash flows with the upfront capital expenditure predicted by Dr. Schell’s
MARS model; revenue streams from the MEST scenario are assumed to remain constant.
The NPV, IRR, MIRR, and CoC are calculated over an assumed 30-year contract length
using the scenario-specific discount rate.

3.9. Conduct Sensitivity Analyses
Lastly, sensitivity analyses are conducted to measure the marginal impact that changes to
specified variables have on the financial performance metrics. The sensitivities of each
financial performance metric (NPV, IRR, MIRR, CoC) are calculated by altering the specified
assumption by plus-or-minus the specified proportion. For example, a + 50% sensitivity
analysis on NPV would be conducted by independently calculating the changes in NPV that
occur when an assumption is altered to equal 50% and 150% of its initially defined value.
Methodology parts 2.2-2.7 (Energy Storage Capacity – Cash Flow) are repeated for each
component of the sensitivity analyses; ensuring that the proposed MEST system meets all
scenario requirements and limitations.

40 | P a g e

Macklis 2017

4. Results
As the first investigation on the theory of mobile energy storage transmission (MEST), this
study employs a scenario-driven methodology to test a range of possible MEST applications.
The three selected case studies, exploratory in nature, are intended to vet potential usecases for subsequent optimization-driven investigations; all case studies use conservative
assumptions and are largely ignorant of operational optimization.
The following case studies illustrate the potential of three distinct, promising MEST usecases. The first case study, on Monhegan Island, investigates the present-day technoeconomic feasibility of small-scale MEST for use with low-consumption, coastal islands. The
second case study, on the Block Island Wind Farm and proposed Offshore Revolution Wind
Farm, investigates the competitiveness of large-scale MEST with traditional submarine cable
transmission for use with offshore wind farms. The third case study focuses on MESTs
potential for use with markets that exhibit significant power surpluses; specifically, on the
feasibility of a MEST interconnector between the Chinese and South Korean electricity
markets.
Each case study consists of a scenario description, scenario-specific key assumptions,
financial performance metrics of the MEST system, financial performance metrics of the
equivalent submarine cable alternative, and a MEST-Cable Comparison.
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4.1. Case Study 1: Monhegan Island
Figure 4.1, released in March 2017 by the Island Institute, profiles the unique energy
landscape on Monhegan Island, Maine, USA. Key characteristics include: low electricity
usage, high electricity prices, close proximity to mainland, and a seasonally variable demand
profile.

Figure 11 Monhegan Island Energy Profile (Island Institute 2017)
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As illustrated above, Monhegan Island’s unique energy landscape makes it an interesting
scenario for a small-scale, arbitrage-driven MEST project. This case study investigates the
techno-economic feasibility of using MEST as the primary electricity source on Monhegan
Island; the ancillary benefits of coupling energy storage with Monhegan’s intermittent
renewable generation are not considered in this investigation.
The existing micro-grid, high arbitrage value, close proximity to the coast, and an
underutilized ferry/freight service make Monhegan a near-ideal scenario. In order to best
investigate the immediate feasibility of a MEST project, real consumer market data and
prices are used for all MES and I&S assumptions. Similarly, transportation and contract
assumptions are based on site-specific data or conservative extrapolations from these data.
Therefore, the following results should be indicative of similar MEST use-cases within the
same target market: low-consumption coastal islands with high electricity prices.
Table 4.1 Key Assumptions – Case Study 1: Monhegan Island (see Appendix for details)
Li-ion (Tesla Powerwall 2)

Infrastructure & Support (Tesla Powerwall 2)

Specific Energy (kWh/kg)

0.112

Upfront Cost ($/MWh)

58,000

Energy Density (kWh/L)

0.108

Operating Costs ($/MW/yr)

0

Capital Cost ($/kWh)

442

Efficiency (%)

100%

O&M ($/MW/yr)

0

RTE (%)

89%

Fixed Costs ($/yr)

40,000

Cycles (Until 70% Capacity)

3,300

Marginal Costs ($/Transit Cycle)

100

Residual Value ($/kWh)

52

Max Transit Frequency (cycles/wk)

21

Initial DoD (%)

80%

MESC Specifications

Monhegan Transportation

Contract Information
Arbitrage Value ($/MWh)

627.29

7.5

Maximum Weekly Demand (kW)

90

Total Owned Storage (kWh)

1,620

Annual Electricity Delivery (MWh)

443.5

Initial Delivery Capacity
(kWh/MES)
Max Delivery Capacity
(kWh/MES)

577

Average Transit Frequency
(cycles/wk)
Maximum Contract Length (years)

13.3

Volume

(m3)

722

6

The metrics presented in Table 4.2 were calculated using a discount rate of 6.25%; the
approximate rate used by the UK’s Office of Gas and Electricity Markets (Ofgem), for
financial assessment of transmission companies.
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Table 4.2 Financial Performance Metrics – Case Study 1: Monhegan Island
Case Study 1 Techno-economic Analysis: Financial Performance Metrics
Contract

IRR

MIRR

NPV

CoC

5 Year

4.4%

5.1%

-$39,504

1.1x

6 Year

8.9%

7.8%

$67,635

1.4x

One Submarine Cable

-9.3%

-2.8%

-$47,312,179

0.2x

Table 4.2 and Figure 4.2 detail the performance metrics calculated for MEST contracts of 5and 6-year lengths, as well as for the equivalent 22-km, 50-kV A/C submarine single-cable
transmission system as amortized over a 30-year period (Schell et al. 2017); this explains
the difference in magnitude between NPV exhibited in 5- and 6-year MEST contracts versus
the submarine cable. As illustrated below, MEST outperforms the alternative submarine
cable system in every quantified performance category.

Figure 12 MES-Cable Comparison – Case Study 1: Monhegan Island
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4.2. Case Study 2: Block Island & Offshore Revolution Wind Farms
Figure 4.3 illustrates the location of the existing Block Island Offshore Wind Farm and the
proposed Revolution Offshore Wind Farm.

Figure 13 Location of Block Island & Revolution Offshore Wind Farms (Clean Technica & Google Maps n.d.)

Case Study 2 investigates the techno-economic feasibility of conveying electricity from an
offshore wind farm to the mainland using MEST in lieu of traditional submarine cables. This
scenario is focused particularly on Block Island Wind Farm, the US’s first offshore wind pilot
(30 MW), and Offshore Revolution Wind Farm, the subsequent 144 MW expansion project.
The Block Island & Offshore Revolution (BIOR) Wind Farms will have a combined capacity
of ~175 MW at peak production. Average weekly output is calculated using data from
Renewables Ninja, a web tool developed by Imperial College London and ETH Zurich that
provides solar or wind generation estimates for nearly any location on earth; the annual
average capacity factor, as calculated by Renewables Ninja, is within 0.1% of the official
annual capacity listed for Block Island Wind Farm.
Cost-effective transmission remains an obstacle for many proposed offshore wind projects
and Case Study 2 aims to determine what potential, if any, MEST has as a cost-effective
means of grid connection for offshore wind. The real-world scenario presented by BIOR
Wind Farms is conveniently sized to operate using Vanadium Redox Flow technology via a
single 30 DWT Chemical Tanker operating at a conservative utilization rate of 67%; target
utilization rates for this class of vessel are generally between 75-85%. The BIOR Wind
Farms case study is fairly representative of the size and distance from shore of offshore
wind projects slated for development over the next decade; conclusions drawn from this
investigation should be applicable to many proposed offshore wind developments.
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Table 4.3 Key Assumptions – Case Study 2: BIOR Wind Farms (see Appendix for details)
VRB (Academic Values)

Infrastructure & Support (Academic Values)

Specific Energy (kWh/kg)

0.050

Upfront Cost ($/MW)

1,530,000

Energy Density (kWh/L)

0.035

Operating Costs ($/MW/yr)

10,000

Capital Cost ($/kWh)

210

Efficiency (%)

96

O&M ($/MW/yr)

1.06

RTE (%)

85

Fixed Costs ($/yr)

9,125,000

Cycles (Until 70% Capacity)

12,000

Marginal Costs ($/Transit Cycle)

0

Residual Value ($/kWh)

61

Initial DoD (%)

100%

Max Transit Frequency
(cycles/wk)
Contract Information

30 DWT Chemical Tanker

MESC Specifications

17.851

Arbitrage Value ($/MWh)

0

Volume (m3)

59,760

Maximum Weekly Demand (MW)

137.62

Total Owned Storage (MWh)

4,183.2

Annual Electricity Delivery (MWh)

725,041

Avg. Delivery (MWh/MES)3

995.94

14

Max Delivery (MWh/MES)

1,706.75

Avg. Transit Frequency
(cycles/wk)
Maximum Contract Length (years)

30

The metrics presented in Table 4.4 were calculated using a discount rate of 6.25%; the
approximate rate used by the UK’s Office of Gas and Electricity Markets (Ofgem), for
financial assessment of transmission companies.
Table 4.4 Financial Performance Metrics – Case Study 2: BIOR Wind Farms
Case Study 2 Techno-economic Analysis: Financial Performance Metrics
Contract

IRR

MIRR

NPV

CoC

30 Year

-8.3%

-6.1%

-$1,460,805,791

-0.1x

One Submarine Cable

-2.4%

-2.4%

-$465,460,812

0.5x

Two Submarine Cables

-3.5%

-3.5%

-$668,847,391

0.3x

Table 4.5 MEST vs. Cable Distance of Indifference
MEST vs. Cable Break-even Distance
Contract

Distance

Net Present Value

One Submarine Cable

125 km

-$1,465,936,318

Two Submarine Cables

159 km

-$1,469,767,409

1

21 per week * 85% utilization rate = 17.85 > 17.22 required during the week of highest supply
As determined by Renewables Ninja (Staffell & Pfenninger 2016) – see appendix for further details
3
If operating at 14 cycles/wk rather than the average of 8.17 (assumes max delivery capacity)
2
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Table 4.4 and Figure 4.4 detail the performance metrics calculated for a 30-year MEST
contract, an equivalent 80-km, 150-volt A/C submarine single-cable transmission system as
amortized over 30 years, and an 80-km, 132-kV AC submarine dual-cable transmission
system amortized over a 30-year period (Schell et al. 2017). As illustrated below, both
submarine cable options outperform a 30-year MEST contract in every quantified
performance category.
Table 4.5 displays the estimated “break-even distances” for submarine single-cable and
dual-cable transmission systems. The “break-even distance” is defined as the distance from
shore that BIOR Wind Farms would need to be located for a MEST system to outperform a
traditional cabled transmission system.

Figure 14 MES-Cable Comparison – Case Study 2: BIOR Wind Farms
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4.3. Case Study 3: Shanghai to Pusan Export via FEU
Figure 3.3 depicts the locations and transit time between Shanghai, PRC and Pusan, ROK.

Case

Study

investigates

3
the

techno-economic
feasibility of using
MEST to export
53 Hours

surplus electricity
from Shanghai to
Pusan.

The

proposed scenario
of

Shanghai

to

Pusan export via
Figure 15 Map of East China and S. Korea (including transit time) (Google Maps n.d.)

FEU (SPEF) uses

Forty-foot Equivalent Units (FEUs), the world’s prevalent freight containers, as the mobile
energy storage containers (MESCs). Leveraging the competitive global sea freight industry
enables a flexible, scalable, low-cost
MESC delivery and return scheme that
can easily be altered to service any
electricity market in the world with port
access.
underlying

The

scenario’s

logistics

flexible

enable

the

incorporation of revenue streams from
grid-level

ancillary

services

and

temporal arbitrage on top of the primary Figure 16 FEUs at the Port of Shanghai (Seatrade Maritime News n.d.)
revenue stream from spatial arbitrage.
The SPEF scenario was selected due to the unique synergies that exist between the
Chinese electricity market, the Korean electricity market, and the Shanghai to Pusan freight
market. The Chinese market currently exhibits a roughly 45% power surplus and market
regulators cannot introduce a meaningful competitive pricing reform for fear of crashing the
domestic value of electricity and disrupting the supply-side of the power market. These
particular market characteristics result in a vast quantity of wasted electricity without a
straightforward means of use or export; this phenomenon has led to the encouragement of
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bi-lateral price negotiation between generators and industrial end-users to lower prices and
spur demand.
Case Study 3 treats the MEST operator as an industrial end-user who provides ancillary
services to the Shanghai grid, participates in spatial arbitrage with the Pusan electricity
market, and participates in temporal arbitrage within the Pusan electricity market. The SPEF
scenario is a theoretical example of a MEST electricity export use-case that aims to utilize
wasted surplus power by creating a revenue stream that does not impact domestic electricity
prices; this is not an example of an import use-case because no clear value is being
provided to the Korean market. In addition to providing a potential solution to the problems
pertaining to the Chinese power surplus, the SPEF MEST scenario leverages the existing
Shanghai-Pusan freight route (one of the cheapest freight indices in the world), and
expensive on-peak electricity rates in Pusan.
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Table 4.6 Key Assumptions – Case Study 3: Shanghai to Pusan Export via FEU (see
Appendix for details)
Li-ion (Academic Values)

Infrastructure & Support (Academic Values)

Specific Energy (kWh/kg)

0.20

Upfront Cost ($/MWh)

463,000

Energy Density (kWh/L)

0.50

Operating Costs ($/MW/yr)

6,900

Capital Cost ($/kWh)

200

Efficiency (%)

96%

O&M ($/MW/yr)

6,900

RTE (%)

92%

Fixed Costs ($/yr)

500,000

Cycles (Until 70% Capacity)

5,000

Marginal Costs ($/Transit Cycle)

290

Residual Value ($/kWh)

52

Initial DoD (%)

80%

Shanghai to Pusan FEU

Contract Information

MESC Specifications

Arbitrage Value ($/MWh)

81.35

Maximum Weekly Demand (kW)

9,060

Volume (m3)

77

Annual Electricity Delivery (MWh)

19801.6

Number of MESCs Owned

7

Ancillary Service Value ($/yr)

$2,728,407

Total Owned Storage (MWh)

269.5

Transit Frequency

1

(cycles/wk/MESC)
Initial Delivery Capacity
(MWh/MES)

27.2

Maximum Contract Length (years)

30

The metrics presented in Table 4.7 were calculated using a discount rate of 2.25%; the
discount rate of China’s central bank. Use of this advantageously low rate can only be
justified if the proposed MEST project is government-backed.
Table 4.7 Financial Performance Metrics – Case Study 3: Shanghai to Pusan Export via
FEU
Case Study 3 Techno-economic Analysis: Financial Performance Metrics
Contract Length

IRR

MIRR

NPV

CoC

20 Year

3.0%

2.7%

$4,995,436

1.4x

30 Year

4.6%

3.4%

$23,150,946

2.0x

One Submarine Cable

N/A

N/A

N/A

N/A

Table 4.7 and Figure 4.7 (below) detail the performance metrics calculated for 20- and 30year MEST contract lengths. A submarine transmission cable connecting Shanghai to Pusan
would need to be well over 850 km in length. Dr. Schell’s probabilistic MARS model relies on
a database of existing project data to determine appropriate coefficients that produce sound
estimates; the longest project in said database is about 500km, therefore performance of a
cable alternative is omitted from Table 4.7 and Figure 4.7 (Schell et al. 2017). For reference
NorNed, a 580-km, 450-kV (700 MW Capacity) trans-market interconnector between Norway
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and the Netherlands, was completed in 2008 at a cost of ~€600M ($1B in 2017 USD) (4C
Offshore n.d.).

Figure 17 MES-Cable Comparison – Case Study 3: Shanghai to Pusan Export via FEU
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4.4. Sensitivity Analysis
4.4.1.

Case Study 1: Monhegan Island

Figures 4.8-4.11 illustrate the sensitivity of Monhegan Islands’ 6-year IRR, MIRR, NPV, and
CoC, respectively, to variable adjustment of plus or minus 50%. The values listed correlate
to the resultant changes in performance metrics that occur when variables are adjusted to
their test values.

Figure 18 Monhegan 6-Year IRR Sensitivity Analysis from +50% variable adjustments

Figure 19 Monhegan 6-Year MIRR Sensitivity Analysis from +50% variable adjustments
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Figure 4.10 Monhegan 6-Year NPV Sensitivity Analysis from +50% variable adjustments

Figure 20 Monhegan 6-Year CoC Sensitivity Analysis from +50% variable adjustments
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4.4.2.

Case Study 2: Block Island & Offshore Revolution Wind Farms

Figure 4.12 illustrates the sensitivity of Block Island and Offshore Revolution (BIOR) Wind
Farms Wind Farms’ 30-NPV to variable adjustment of plus or minus 50%. The values listed
relate to the resultant changes in NPV that occur when variables are adjusted to their test
values. Due to the value-ignorant manner in which Case Study 2 was designed, IRR, MIRR,
and CoC are excluded; only the present value of negative cash flows are considered in this
analysis.

Figure 21 BIOR Wind Farms 30-Year NPV Sensitivity Analysis from +50% variable
adjustments
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4.4.3.

Case Study 3: Shanghai to Pusan Export via FEU

Figures 4.13-4.16 illustrate the sensitivity of SPEF 30-year IRR, MIRR, NPV, and CoC,
respectively, to variable adjustment of plus or minus 50%. The values listed correlate to the
resultant changes in performance metrics that occur when variables are adjusted to their test
values.

Figure 22 SPEF 30-Year IRR Sensitivity Analysis from +50% variable adjustments

Figure 23 SPEF 30-Year MIRR Sensitivity Analysis from +50% variable adjustments
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Figure 24 SPEF 30-Year NPV Sensitivity Analysis from +50% variable adjustments

Figure 25 SPEF 30-Year CoC Sensitivity Analysis from +50% variable adjustments
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5. Discussion
5.1. Findings from Case Study 1
The results from Case Study 1 demonstrate that there are real-world applications for MEST
that are currently feasible. When modelled, all 6-year financial metrics (IRR, MIRR, NPV,
CoC) indicate economic feasibility. Additionally, all financial metrics indicate that a 6-year
MEST solution is a superior alternative to a traditional submarine cable (amortized over 30
years) for Monhegan Island. The proposed MEST system for Monhegan Island could reduce
electricity prices by at least 10%, while also exhibiting an Internal Rate of Return of nearly
9%.
Case Study 1 identifies a niche market that is financially viable with present industry
conditions, consumer technology, logistical capabilities, and associated costs. Despite the
scenario being conservatively ignorant of value from ancillary service, economies of scale,
investment deferral, system flexibility, optimized operations, or potential forms government
subsidy, MEST is calculated to be suitable for the target market of low-consumption, coastal
islands. It is important to recognize that this investigation is ignorant of tax, and therefore
does not yet validate a business model.
The sensitivity analysis conducted on Monhegan’s scenario generally concludes that
financial performance of the MEST system is most sensitive to deviations in arbitrage value,
capital cost, and maximum transit frequency. Additionally, the model is sensitive to
significant decreases in energy density, but not quite as sensitive to energy density
improvement. It is noteworthy that the MEST model is moderately sensitive to changes in
marginal transport cost; the variable with perhaps the greatest uncertainty in this scenario.

5.2. Findings from Case Study 2
The results from Case Study 2 indicate that MEST is not yet suitable for use with offshore
wind farms located less than 125 kilometres offshore. However, MEST is a promising
transmission alternative for deep offshore wind farms located further distances from shore;
these findings justify further research into how to best design and evaluate a MEST system
for coupling with deep offshore wind generation.
These finding suggest that mobile energy storage transmission systems could have a
significant economic advantage over traditional submarine cabling for deep offshore wind
farms. If validated, MEST might contribute to improving the cost-competitiveness of offshore
wind; in turn, contributing to the continued proliferation of offshore wind generation. The
implications of these findings are substantial and could change the way in which the offshore
wind industry designs, develops, and operates transmission systems for future projects.
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The application of MEST for offshore wind transmission should continue to be monitored
over the coming years. As storage technology continues to see improvements in cost and
performance, the distance at which MEST outcompetes traditional submarine cabled
transmission will continue to decrease; MEST will become attractive for a greater portion of
proposed wind generation projects.
The sensitivity analysis conducted for Case Study 2 concludes that a MEST system for
BIOR Wind Farms is most sensitive to changes in maximum transit frequency, capital cost,
and upfront infrastructure and support costs. Additionally, the model is sensitive to significant
decreases in energy density and significant increases in losses. It is important to note that
the exhibited low sensitivity to arbitrage value variation is due to the scenario arbitrage value
being equal to zero; if there were any significant arbitrage value, the model would be
sensitive to variation.

5.3. Findings from Case Study 3
The results from Case Study 3 demonstrate the economic viability of using MEST to conduct
electricity trade between non-integrated markets. However, the scenario investigated is only
logical when used as an outlet for surplus Chinese electricity. This proposed case does not
provide much, if any, utility for the Korean electricity market. However, it allows the Chinese
market to export surplus electricity without directly impacting domestic electricity prices; this
service would provide great utility for the Chinese electricity industry by converting otherwise
wasted surplus electricity into a significant value stream.
Above all else, Case Study 3 illustrates the breath of uses for MEST and the opportunity for
use-case innovation. The inherent spatial and temporal flexibility of MEST allows for the
development of creative operational models that could fit with a wide range of niche usecases.
The sensitivity analysis conducted on Case Study 3 determined that the SPEF scheme is
most sensitive to changes in capital cost, maximum transit frequency, arbitrage value, and
similar to the previous cases, it is also sensitive to significant decreases in energy density.
The low sensitivity to marginal transportation cost variation might be due to the exceptionally
cheap rate associated with the Shanghai to Pusan freight route. The FEU-based marginal
transportation costs of other locations can be up to 10 times as expensive; these scenarios
would exhibit somewhat higher sensitivity, albeit still relatively low.

5.4. Synopsis of Results
Collectively, the results are promising for the future of mobile energy storage transmission,
as they indicate that the theory is sound and has potential to be applied to a wide range of
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use-cases. Findings from Case Study 1 and 2 suggest that economically feasible, real-world
MEST applications exist in 2018. Findings from Case Study 1 in particular, justify that an
appropriate coastal island pilot could be developed to verify the conclusions drawn from this
investigation. Findings from Case Study 2 merit follow-up investigation and indicate that
MEST should be considered as a potential transmission alternative for future deep offshore
wind developments.
The variation of use-cases tested and their corresponding results indicate that numerous
theoretically feasible future applications for MEST might exist. This investigation indicates
that mobile energy storage transmission will likely become a cost-effective successor to
long-distance, submarine cable transmission; the two most obvious manifestations of this
would be in the form of offshore wind transmission and high-capacity market interconnection.
It is also important to recognize that while the changing global energy landscape and
continued development of EST will create a number of opportunities for MEST, future
uncertainties also have the potential to bar MEST from certain applications; e.g. an increase
in oil price resulting in prohibitively expensive MESC transportation costs while
simultaneously reducing arbitrage potential for oil-reliant electricity markets. When EST
improvement begins to plateau, a synergy might likely develop between MEST and
traditional cable transmission similar to that of Liquefied Natural Gas (LNG) conveyance and
traditional natural gas pipelines. Envisioned future MEST applications are discussed further
in the following section.
Collectively, the sensitivity analyses identified capital cost, maximum transit frequency, and
arbitrage value as the main drivers of MEST financial performance. It is encouraging that
capital cost is among the most influential factors because this indicates that continued cost
reductions will significantly improve MEST financial performance. For context, Nykvist and
Nilsson identified an approximately 14% annual reduction in industry-wide cost estimates
between the 2007 and 2014 (Nykvist & Nilsson 2015). The determination of maximum transit
frequency as a main driver of performance for MEST is logical because frequency is directly
related to the quantity of arbitraged electricity per year, which directly impacts the annual
arbitrage revenue. The third driver identified, arbitrage value, makes sense with the
convention that arbitrage revenue is the primary revenue stream.
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6. Conclusion
Electrochemical “Pipelines”: A Techno-economic Investigation of Mobile Energy Storage
Transmission is a successful debut investigation into mobile energy storage transmission
(MEST), which both demonstrates the theoretical future feasibility of MEST and identifies
presently feasible MEST applications. The genesis of MEST stems from a desire to improve
global electricity market integration through development of an improved long-distance
transmission model. The knowledge accrued during this investigation’s literature review,
along with existing general industry knowledge, facilitated refinement of specific MEST
application scenarios and the subsequent development of an overarching methodology.
Case study scenarios were investigated through combination of site-specific research and
devised methodology, with the objective of evaluating the techno-economic feasibility of
three different MEST applications. The MEST applications under investigation were selected
as representative scenarios of the most promising use-cases indicated by the research and
literature review. Each case study determined the financial performance of its proposed
MEST system through calculation of net present value, internal rate of return, modified
internal rate of return, and cash-on-cash. The estimated financial performance of alternative
submarine cable transmission systems were included for context and comparison.
The results presented in this thesis affirm the hypothesis that mobile energy storage
transmission (MEST) is both technologically and economically feasible for present use in
niche applications, and future use in a wide range of valuable applications. Pending further
research and optimization, MEST has substantial potential to become a competitive
alternative to submarine cable transmission and an enabler of both inter-market integration
and deep offshore wind power conveyance.

6.1. Suggested Future Research
This analysis provides both an introduction to the theory of mobile energy storage
transmission and the first research that investigates the techno-economic feasibility of
MEST. While MEST is still in a period of academic infancy, the findings in this thesis justify
significant industry consideration and widespread academic investigation.

6.1.1.

Prospective Applications

In addition to the target markets analysed in Case Studies 1-3, there are a number of
additional applications that might exist for mobile energy storage transmission. The following
five prospective application categories have been identified as promising areas for future
MEST investigation and potential implementation: 1) islands; 2) industrial clients; 3) offshore
wind transmission; 4) intermarket electricity export; and 5) event-driven power provision.
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Within the broad target market group of islands, three sub-groups have been identified for
subsequent investigation. The first subgroup, as presented in Case Study 1, consists of lowconsumption coastal islands with existing microgrids. The second subgroup is composed of
relatively high-consumption commercial and industrial clients on islands with expensive
electricity; these could be resorts, factories, climate-controlled warehouses at ports, etc. The
final identified island market subgroup encompasses high-consumption islands with high
electricity prices, in which MEST could be used to provide baseload provision. The proposed
large-island scenario could involve MEST operators functioning as independent power
providers (IPPs) or under the umbrella of an existing energy service company (ESCO).
The second identified prospective target market is composed of industrial clients in
underdeveloped economies. Many developing nations have grid reliability issues that result
in industrial clients developing self-generation capacity. Rather than risk the loss of
productivity incurred by frequent power outages, these clients often opt to build and operate
their own power supply system and operate as a self-sufficient microgrid. Development of a
microgrid requires a lot of upfront capital and costly operation and maintenance. While selfgenerating industrial clients have an improved power supply system as compared to the
local grid, they still often incur far higher electricity costs than their counterparts with access
to developed grids. MEST could enable these end-users to forgo the long and costly process
of building a microgrid and instead purchase imported electricity at a lower cost. Additionally,
the flexible nature of MEST could provide clients with a range of supply choices; if a publicfacing company wants to promote an eco-friendly image, it could certify that 100% of its
electricity comes from a nearby renewable energy source; if a factory wants to expand by
50%, it can easily opt to scale up its MEST system without significant foresight.
The third identified target market of offshore wind is a focal point of this investigation and has
already been discussed in reasonable depth. Offshore wind transmission is perhaps the
most straightforward of all discussed MEST use-cases; it involves an outright service life
cost comparison between equivalent transmission systems. The potential impact of
improving the economic feasibility of deep offshore wind generation is significant; many of
the world’s most favourable weather pattern regions for wind generation are located a long
distance from shore. The coupling of deep offshore wind with MEST could serve as an
enabler to more productive and efficient wind generation capacity that is located farther from
shore.
Use of MEST for the purpose of intermarket Electricity Export is identified as a prospective
future use-case. The category of Intermarket Electricity Export encompasses niche
scenarios, like the power surplus mitigation scenario in Case Study 3, as well as pure,
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arbitrage-driven electricity export, an example of which would be Mexico overdeveloping its
low-cost solar generation capacity for purpose of export to diesel-reliant Caribbean nations.
The potential implications that pure Intermarket Electricity Export would have on the
renewable energy industry are very exciting. While storage costs have not yet dropped to a
point at which this MEST use-case is feasible, in theory this behaviour would enable more
efficient renewable energy investments in regions with the lowest LCOEs. Similar to how the
economies of LNG-export nations, like Qatar, were stimulated by the advent of LNG,
economies of nations with favourable renewable resources should be stimulated by the
advent of MEST.
The fifth and final identified prospective market for MEST is Event-driven Generation.
Disaster relief is an example of how rapidly deployed MESCs could replace roll-on diesel
generators and provide much-needed electricity to relief facilities. For instance, barge-based
MESCs could provide hospitals in recently disaster-struck Houston with a replenishable
power-source. Alternatively, MEST could be used to mitigate uncharacteristic surges in
demand caused by special events like festivals, the Olympics, etc. In addition to the potential
economic benefits of Event-driven Generation, use of MESCs would prevent the dangerous
local pollution caused by roll-on diesel generators.

6.1.2.

Optimization

Arguably more important than investigation into the theoretical feasibility of prospective
MEST application is optimization of use-specific MEST models. Areas for optimization can
be classified into one of the following categories: 1) MES Technology Optimization, including
technology selection and configuration; 2) MES Operation Optimization, including Depth-ofDischarge, environmental control, and state of charge management; 3) Logistical
Optimization, including delivery schedule, multi-leg logistics, non-standard load profiles, and
multi-contract synergies; and 4) Secondary Revenue Stream Optimization, focusing on
which ancillary services, if any, best compliment MEST use-cases.

6.1.3.

Environmental Implications

Lastly, the environmental implications of MEST should be researched to determine which
positive and negative impacts the transmission model has on the environment as compared
to the status quo. Two potential approaches for assessing the environmental impact of a
specific MEST scenario are comparing to the cable transmission alternative, or comparing
the new MEST-enabled generation mix with the status quo generation mix, e.g. Life cycle
assessment of the MEST system versus a cable transmission alternative or on-island diesel
generation versus renewably-sourced mobile energy storage transmission.
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Application

of

MEST

can

now,

and

progressively over the near-term,

provide

environmentally beneficial, technologically feasible, economically advantageous, and
competitively preferable alternatives to currently isolated markets for sustainable energy
provision and use. MEST has the potential to further develop local and global renewable
energy markets, with increasing potential for benefits to producers, consumers, and society
overall.
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Appendix
Case Study 1: Monhegan
1. Define Key Assumptions:
a. Technological Assumptions
Tesla Powerwall 2
MHCB

MHCB

MHCB

MHCB

MHCB

MHCB

MHCB

MHCB

Specific

Energy

Capital

O&M

RTE (%)

Lifetime

Scrap

Initial

Energy

Density

Cost

($/MW/yr)

Cycles

Value

Depth of

(kwh/kg)

(kWh/L)

($/kWh)

(until 70%)

($/kWh)

Discharge

0.1124

0.1085

4426

37 MWh

5210

80%11

07

0.898

aggregate
over life or
70% at 10
years of
use9

4

Calculated from (Solar Quotes 2016)

5

Calculated from (Solar Quotes 2016)

6

Calculated from (Tesla 2017c)

7

(Tesla 2017a)

8

(Solar Quotes 2016; Tesla 2017c)

9

3300 cycles to 70% at 100% DoD and this is conservative if operated at 80% DoD for 38 weeks/yr and 70% by
end of warrantied 37MWh, calculated cycles by dividing 37000 by the average cycle capacity of 0.85*13.2
kWh=11.22 kWh  37000/11.22=3300 – information from (Tesla 2017b)
10

(Schmidt et al. 2017)

11

Set for better MES lifetime rather than the Tesla 100% DoD that it is capable of.
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b. Infrastructure & Support Assumptions
Tesla Powerwall 2
I&S Upfront Cost ($/MWh)

I&S Operating Costs ($/MW/yr)

I&S Efficiency (%)

$5800012

0 13

100 (AC inverters are included
in TP2 Efficiency)14

c. Electricity Demand Assumptions:

Figure A1 Monhegan Demand Profile (Chioffi & Neucollins 2014)

i. Define Week 1-24 Average Demand: 0.035 (MW)
ii. Define Week 25-29 Average Demand: 0.050 (MW)
iii. Define Week 30-35 Average Demand: 0.075 (MW)
iv. Define Week 36-42 Average Demand: 0.090 (MW)
v. Define Week 43-45 Average Demand: 0.075 (MW)
vi. Define Week 46-52 Average Demand: 0.035 (MW)

12

Installation only – calculated as if installing a lot of individual TP2; All inverters included (Tesla 2017c)

13

(Solar Quotes 2016; Tesla 2017c)

14

(Tesla 2017a)
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d. Electricity Supply Assumptions:
Maine Wholesale Electricity Purchase Facility
Electricity Price ($/MWh)

C-Rating

29.71

1/ (Minimum MHCB Duration - Transit Time)

i. Wholesale Electricity Price: 29.71 ($/MWh)
a. 2017 Jan-July average is $29.71/MWh (ISO New
England 2017)
ii. C-Rating (Power/Energy Ratio):
1. One MHCB charges while the other one is discharging
1
.

=

−

e. Transport Assumptions:
Maine Wholesale Electricity Purchase Facility – Monhegan Island Transmission Facility
Fixed Transportation Costs ($/yr)

Marginal Transportation Costs ($/RT)

40,000

100

i. Fixed Transport Costs: 40,000 ($/yr)
1. 1 employee with part-time use of 2 pickup trucks
ii. Marginal Transport Costs: 100 ($/one-way trip)
1. $25/person roundtrip – assume 4x w/ guaranteed volume &
schedule is safe (Monhegan Boat Line 2017)
f.

Contract Assumptions:

Monhegan Island Electricity Purchase Agreement
Electricity Price ($/MWh)

Maximum Transit Frequency (cycles/wk)

657

21

i. Electricity Price: 657 ($/MWh)
a. $730/MWh (Maine Public Utilities Commission n.d.)
b. 657=90%*730
ii. Maximum Transit Frequency: 21 (trips/wk)
1. Times w/ high demand that need high trip frequency
correspond with times frequent trips (3x per day) are offered.
Minimum service is 1x per day. (Monhegan Boat Line 2017)
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2. Define Energy Storage Capacity of the MHCB:
Tesla Powerwall 2 MHCB – insert the number of MES owned
Volume

Nominal Capacity

Total Owned

Initial Delivery

Maximum Delivery

(m3)

(kWh)

Storage (kWh)

Capacity (kWh)

Capacity (kWh)

7.5

810

1,620

577

722

a. Define Volume: 7.5 (m3)
b. Calculate Nominal MHCB Capacity (MWh):
∗

=

c. Calculate Total Owned Storage Capacity:
∗2

=

d. Calculate Initial Electricity Delivery Capacity:
∗

∗

∗

=
e. Calculate Maximum (DoD=100%) Electricity Delivery Capacity:
∗

∗

∗

=

3. Determine the ESS Transport Schedule:
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Figure A.2 Monhegan Demand Schedule and Delivery Schedule

a. Identify Max Power Demand: 0.090 MW
b. Calculate Transit Frequency (cycles/wk)
∗ 168 ℎ

/

∗ 168 ℎ

/

=

=

i. Weeks 1-24: 10.2 (trips/wk)
1. At Initial Electricity Delivery Capacity
ii. Weeks 25-29: 14.5 (trips/wk)
1. At Initial Electricity Delivery Capacity
iii. Weeks 30-35: 17.4 (trips/wk)
1. At Max Electricity Delivery Capacity
iv. Weeks 36-41: 20.9 (trips/wk)
1. At Max Electricity Delivery Capacity
v. Weeks 42-44: 17.4 (trips/wk)
1. At Max Electricity Delivery Capacity
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vi. Weeks 45-52: 10.2 (trips/wk)
1. At Initial Electricity Delivery Capacity
c. Check that each weekly Transit Frequency is below the Maximum
Transit Frequency:
i. All Weekly Transit Frequencies < 21 (trips/wk)  TRUE
4. Determine the quantity of electricity delivered per year (kWh/yr):
∗ 168

ℎ

=

5. Determine the Degradation Schedule:
a. Define Cycles per Year per MHCB:

(

) ∗ 52

1
(
∗2

)

=

b. Identify the 70% Capacity Year:
(

)=

%

c. Assume linear degradation behaviour and complete Degradation
Schedule.
d. Incorporate all losses to determine Maximum Delivery Capacity
Schedule.
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Figure A.3 Monhegan Degradation Schedule

e. Identify the maximum length of schedule with respect to degradation.
i. Find intersect b/w Max Delivery Capacity and Initial Delivery
Capacity
1. Round down to determine max contact length in years 
6 Years
6. Calculate pre- and post-tax IRR, MIRR, Cash on Cash, and Net Present Value:
a. Discount Rate: 6.25% (Winfield & Sterling 2012)
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Case Study 2: Block Island & Offshore Revolution Wind Farms

Figure A.3 BIRO Wind Farms Weekly Supply Profile (Staffell & Pfenninger 2016)

1. Define Key Assumptions:
a. Technological Assumptions
VRB (Academic Values)
Specific

Energy

Capital

MES O&M

MES

MES

Scrap

MES Initial

Energy

Density

Cost

($/MWh/yr)

RTE (%)

Lifetime

Value

Depth of

(kwh/kg)

(kWh/L)

($/kWh)

(Cycles)

($/kWh)

Discharge

0.03516

21017

1.0618

8519

12,00020

6121

100%22

0.05

15
16
17

15

(Alotto et al. 2014)

(Alotto et al. 2014)
(Moore & Robert M 2016; Viswanathan et al. 2014)

18

(Zakeri & Syri 2015)
(EPRI 2010; Alotto et al. 2014; Akinyele & Rayudu 2014; Chen et al. 2009)
20
(Akinyele & Rayudu 2014; Chen et al. 2009)(Akhil et al. 2013)
21
(Schmidt et al. 2017)
22
(Akhil et al. 2013)
19
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b. Infrastructure & Support Assumptions
VRB (Academic Values)
I&S Upfront Cost ($/MW)
1,530,000

23

I&S Operating Costs ($/MW/yr)

I&S Efficiency (%)

10,000

9625

24

c. Electricity Supply Assumptions:

Figure A.3 BIRO Wind Farms Weekly Supply Profile (Staffell & Pfenninger 2016)

d. Define specifics and source (type of factory, location, specifics, etc) -act as “source”
i. Define Max Week 1-52 Average Demand: 175 (MW)
1. 30 MW Block Island + 144 MW Revolution
a. (Hill n.d.; 4C Offshore n.d.)
2. Define Expected Average Weekly Demand as Max *
Capacity Factor = 83.125 MW
a. Capacity Factor for Net Energy Output = 47.5%
i. P50 from Block Island (AWS Truepower 2012)
23

(Moore & Robert M 2016; Gyuk et al. 2004; Viswanathan et al. 2014)

24

(Zakeri & Syri 2015)
(Li et al. 2017)

25
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3. Renewables Ninja to get hourly data (Staffell & Pfenninger
2016)
a. Lat/long: 41.15/-70.75
b. Dataset: MERRA-2 (global)
c. Data Year: 2014
i. Entire year – 1/1-12/31
d. Capacity: 175000 kw
e. Hub height: 100 – same as Block island
f.

Turbine Model: GE 1.5 sl
i. BI uses GE Haliade 150-6MW

e. Electricity Supply Assumptions:
BI+Revolution Offshore
Electricity Price ($/MWh)

C-Rating

26

0

1/ (Minimum MHCB Duration - Transit Time)

i. C-Rating (Power/Energy Ratio):
1. One MHCB charges while the other one is discharging
1
.
f.

−

=

Transport Assumptions:

VRB Tanker
Fixed Transportation Costs ($/yr)
9,125,000

-

27

Marginal Transportation Costs ($/RT)
0

Marginal cost = 0 because everything is accounted for in the annualized daily charter
cost
g. Contract Assumptions:

Mainland – National Grid
Electricity Price ($/MWh)
28

0

Maximum Transit Frequency (cycles/wk)
21

26

Treating both buy and sell price as $0 so that we see the true negative NPV of a 30-year financial outlook.
Decided this is the best way to compare with a cable.
27
(US Dept. of Transportation - Maritime Administration 2012) -- page 7, as if run 265 days/yr at 25,000 per
day
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i. Maximum Transit Frequency: 21 (trips/wk/MES)
1. Transit Time = 2 hours at 13 knots
a. Average for Medalta Adventurer = 16 knots  13 is
safe (MarineTraffic.com n.d.)
b. 30 miles off the coast of mainland (Hill n.d.)
2. 2 hours for Empty & Fill
3. 2 hours back to windfarm
4. 2 hours for empty and fill
5. Sum = 8 hours for a cycle
a. 6-hour battery capacity at max power
b. 21 cycles/wk
i. Assumes no downtime (maintenance, etc.)
1. Counterbalanced by the fact that it runs
21/wk even when capacity factor isn’t
100%
ii. ONLY REQUIRES 13.55/wk as max  doesn’t
affect trans cost, so doesn’t matter – helps
maintenance issue (above) and allows for lower
cost pumping systems that are slower. Also
covers any degradation issues
iii. Average is 8.17
2. Define Energy Storage Capacity of the MES:
VRB Tanker-worth of VRB juice
Volume (m3)
5976029

Nominal Capacity

Total Owned Storage

Initial Delivery Capacity

(MWh)

(MWh)

(kWh/cycle)

2091.6

4183.2

1706745.6

a. Define Volume: 59760 (m3)
i. Taken from “token 30k DWT chemical tanker”
b. Calculate Nominal MES Capacity (MWh):
∗

=

28

Treating both buy and sell price as $0 so that we see the true negative NPV of a 30-year financial outlook.
Decided this is the best way to compare with a cable.
29
(MarineTraffic.com n.d.); gross ton = 2.83 m3 – used as a 30k DWT chemical tanker (what the daily charter
costs are from)

81 | P a g e

Macklis 2017
c. Calculate Total Owned Storage Capacity:
∗2

=

d. Calculate Initial Electricity Delivery Capacity:
∗

∗

∗

=
3. Determine the ESS Transport Schedule:
a. Identify Max Power Demand: 175 MW
i. If capacity factor is 100% for a week  not a reality, but
represents the MOST risk-averse planning
b. Calculate Max Transit Frequency (cycles/wk)
∗ 168 ℎ

/

=

c. 17.22<21  transit scenario works
d. Average Transit Frequency: 8.17 cycles/wk
4. Determine the quantity of electricity delivered per year (kWh/yr):
(

) ∗ 52

∗ 168 ℎ /

=

5. Determine the Degradation Schedule:
a. Define Cycles per Year per MHCB:
∗ 52

∗

0.5

=

b. Identify the Final Service Year:
)=

%

i. Max Contract lengths: 30 years – maximum allowable contract
length
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Case Study 3: Shanghai to Pusan Export via FEU (SPEF)

Figure A.4 SPEF In-week MESC Operational Schedule

Figure A.5 SPEF Degradation Schedule

1. Define Key Assumptions:
a. Technological Assumptions
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Li-ion (Academic Values)
MHCB

MHCB

MHCB

MHCB

MHCB

MHCB

MHCB

MHCB

Specific

Energy

Capital

O&M

RTE (%)

Lifetime

Scrap

Initial

Energy

Density

Cost

($/MW/yr)

until 70%

Value

Depth of

(kwh/kg)

(kWh/L)

($/kWh)

(Cycles)

($/kWh)

Discharge

0.5031

20032

5,00035

5236

80%

0.20

30

6,90033

0.9234

b. Infrastructure & Support Assumptions
Li-ion (Academic Values)
I&S Upfront Cost ($/MW)

I&S Operating Costs ($/MW/yr)

I&S Efficiency (%)

463,00037

6,900 38

9639

c. Electricity Demand Assumptions:
i. Define Week 1-52 Average Demand: 7.75 (MW)
d. Electricity Supply Assumptions:
Shanghai Wholesale Electricity Facility
Electricity Price ($/MWh)
41.70

40

C-Rating

Anc. Value ($/MWh/yr)

0.167

$319,70441

i. C-Rating (Power/Energy Ratio):
1. One MHCB charges while the other one is discharging
1
.
1
6ℎ
30

(Akinyele & Rayudu 2014; Luo et al. 2015)

31

(Luo et al. 2015)

=
= 0.167

32

(McKinsey 2012; Nykvist & Nilsson 2015)
(Zakeri & Syri 2015)
34
(Bradbury et al. 2014; Luo et al. 2015; Solar Quotes 2016) ; In line with nearly all of the products on the
market today
35
(Battery University 2017)
36
(Schmidt et al. 2017)
37
(Zakeri & Syri 2015)
38
(Zakeri & Syri 2015); Essentially just double counting for ESS O&M by having stuff at both sites.
39
(Li et al. 2017)
40
(Ng 2016); cites a 45% power surplus, Aluminum Corp of China saw avg. 41.70 $/MWh in 1 st half of 2016 ;
more and more market-based trading => expected lower prices as oversupply and demand balance.
41
(Byrne et al. 2016) ; value in PJM market  expand assumption to value on Chinese market. Not present
revenue stream, but is justification for subsidy or payment because of value to grid.
33
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e. Transport Assumptions:
Shanghai Wholesale Electricity Purchase Facility – Pusan Factory Connection Facility
Fixed Transportation Costs ($/yr)

Marginal Transportation Costs ($/RT)

500,000

29042

i. Fixed Transport Costs: 500,000 ($/yr) – think is a conservative
estimate
1. Shanghai:
a. Small transportation crew, FEU-capable truck, fuel,
FEU-capable crane/lift
2. Pusan:
a. Small transportation crew, FEU-capable truck, fuel,
FEU-capable crane/lift

f.

Contract Assumptions:

Pusan Factory Electricity Purchase Agreement
Electricity Price ($/MWh)

Maximum Transit Frequency (cycles/wk)

12843

1

i. Maximum Transit Frequency: 1 (trips/wk/MES)
1. Transit Time = 2.2 days at 10 knots
a. <53 hours – treat as 53 hours (Ports.com n.d.)
2. 2-hour peak pricing starting at 10 AM (KEPCO n.d.)
3. 1 hr of mid-peak(KEPCO n.d.)
a. Do nothing
4. 4 hours of peak pricing
a. dump
5. 6 hrs of mid-peak (KEPCO n.d.)
a. Do nothing
6. 10 hours of off-peak (23:00 – 9:00) (KEPCO n.d.)
a. Charge for 6 hours of this
7. 2-hour peak pricing starting at 10 AM

42
43

(Shanghai Shipping Exchange n.d.); Shanghai Containerized Freight Index (SCFI) for Shanghai to Pusan 8/1/17
(KEPCO n.d.) ; annual peak average price
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8. 1 hr of mid-peak (KEPCO n.d.)
a. Do nothing
9. 4 hours of peak pricing
a. dump
10. Transit Back = 53 hrs
11. 32 hours of ancillary services in Shanghai
12. Sum = 168 hours
2. Define Energy Storage Capacity of the MES:
Li-ion FEU
Volume (m3)
77

44

Nominal Capacity

Total Owned Storage

Initial Delivery Capacity

(MWh)

(MWh)

(kWh)

38.5

269.5

27,202.6

a. Define Volume: 77 (m3)
i. Volume of a standard FEU
b. Calculate Nominal MES Capacity (MWh):
∗

=

c. Calculate Total Owned Storage Capacity:
∗7

=

d. Calculate Initial Electricity Delivery Capacity:
∗

∗

∗

=
3. Determine the ESS Transport Schedule:

44

(Logisticsportal.org n.d.)
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Figure A.4 SPEF In-week MESC Operational Schedule

a. Identify Max Power Demand: 9.06 MW
i. For 6 peak hrs per day
∗2

6ℎ

= 9.06

b. Calculate Transit Frequency (cycles/wk)
i. 7 transit cycles per week  14 discharge cycles per week
4. Determine the quantity of electricity delivered per year (kWh/yr):
(

) ∗ 52
∗

∗

=

5. Determine the Degradation Schedule:
a. Define Cycles per Year per MHCB:
∗ 52

∗

2

=

b. Identify the 70% Capacity Year:
(

)=

%
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c. Assume linear degradation behaviour and complete Degradation
Schedule.
d. Incorporate all losses to determine Maximum Delivery Capacity
Schedule.

Figure A.5 SPEF Degradation Schedule

e.

Identify the maximum length of schedule with respect to degradation.
i. 32 years – see intersect
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