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ABSTRACT

Industries need new sustainable sources of energy with a low carbon footprint, especially in off-
grid remote areas. The traditional diesel generators used for electricity production in off-grid mining
operations and remote communities could be replaced with other forms of energy in the foreseeable future.
Small modular reactors (SMRs) are an attractiveand emerging source of energy that could replace diesel
generators, with the advantages of zero carbon emissions, a long life cycle, and a small land footprint.

There are currently no SMRs licensed or built in Canada. Several SMR vendors however, are at
various stages of regulatory approvals. Natural Resources Canada and the Ontario Ministry of Energy
have published authoritative works outlining the potential uses for SMRs. In addition, the Canadian
Nuclear Laboratories have initiated invitationsto build a prototype. Theseinitiatives, together, indicate a
bright future for SMRs for various applications, including on-grid, off-grid, mining, remote communities
and potentialindustrialuses. This presentation summarizes the situation in Canada and provides other
general aspects of SMRs for mining.

KEYWORDS

Diesel generation, Electricity, Mining, Off-grid, Small modular reactor, Remote communities, SMR, Zero
carbon.

INTRODUCTION

Small modular reactors (SMRs) are nuclear reactors whose electricity production ratings are
below 300 MW (WNA, 2019a). Forcomparison, conventional reactors, such as those at the Bruce and
Darlington stations in Ontario, have power ratings in the 800 MW per unit range. Small mobile reactors
are not new: they havebeenaround since the 1950’s in submarines and other types of marine vessels. In
fact, over 140 ships powered by reactors have accumulated 12000+ reactor-years (r-y) of experience. In
the US alone, 6200 r-y were accumulated, covering over 240 million kilometers (WNA, 2019a). In the
1960’s, a true land-base modular reactor designed for military purposes was prefabricated and transported
to Camp Century in Greenland. It operatedsuccessfully from 1961-64 until it was returned to the United
States (Vitali etal., 2018). A few years later, a barge mounted nuclear power plant, named Sturgis was
deployed, housing a 10 MW nuclear reactor. This plant operated in the Panama Canal zone from 1968-77
and produced electricity and freshwater. More recently, the Russians commissioned a 35 MW working
prototype ofan SMR, mountedon a floating platformand was movedto the far North. It started operation
in late 2019, producing electricity for the city of Pevek (WNA, 2019b).

There was a renewed interest in nuclear energy back in the early 2000’s. This “nuclear
renaissance” was drivenin part by the high price of fossil fuels and the prospects of meeting greenhouse
gas emissiontargets. Reactors in operation at the time were mostly second generation (GEN II) types,
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built in the late 1960’s to the mid 90’s. These reactors were ageing and needed replacement, potentially
with third generation type reactors (GEN IIl and I11+). Some of these were built, but others were only
conceptualized. Thesereactors were still large (>600 MWe) but offered improvementsin safety. Projects
involving GEN Il and Il1+ reactors faced hurdles, such as long construction times, complex licensing
processesandhigh costs. Asaresult, many utilities decided to refurbish existing reactors, extending the
life of existing Gen Il plants to the mid 2030’s and beyond.

With the advancement of technology, safety requirements and new fuel materials, the fourth
generationtype reactors (GEN IV) are taking anew approach. These new reactors are lower in capacity
but with a higher core energy yield and fit in a smaller building footprint. Some GEN IV reactors even
claim to consume existing fuel, which would close the nuclear fuel cycle and produce smaller amounts of

shorter-livedwastes. These reactors, oftenreferred to as SMRs, canbe built in series at a central location
and be transported to the point of use, as opposed to custom-built at individual sites.

It is generally recognized that nuclear reactors offer the advantage of producing zero CO,
emissions during operation. With the addition of portability, modularity and a small footprint, SMRs
provide a major opportunity for electricity production and could replace fossil fuel generators.

THE SMR OUTLOOK FOR CANADA

Canada generated 652 terawatt hours of electricity in 2017 (NRCan, 2019). Hydroelectricity was
the highest contributor at 60%, followed by nuclear at 15%, coal at 9%, gas/oil/others at 10%, and non-
hydro renewables at 7%. Most ofthe electricity generatedin Ontario was fromnuclear reactors for 59% of
the province’s energy supply.

The most authoritativeworks relatedto the nuclear industry in Canada, and SMRs particularly,
are the SMR Roadmap (2018), and the feasibility study of the Ontario Ministry of Energy by Hatch Ltd
(Hatch 2016), referred to as the Hatch report. The SMR roadmap encompasses five working groups:
Engagement, Technology, Regulatory Readiness, Waste and Economics & Finance. The SMR Roadmap
considers four major markets for SMRs in Canada: oil sands, remote communities & mining, high-
temperature steamfor heavy industry, and on-grid replacement for conventional coal-fired power plants.
The report compared economic calculations of case studies for three sizes of off-grid SMRs (3, 10 or 20
MWe): the 3 & 10 MWe SMRs assumed small off-grid communities, whereas a 20 MWe SMR was an
example for a remote mining application.

The output of the comparisonwas the levelized cost of energy (LCOE). The LCOE is a measure
of the sumofall costsusedto produceelectricity, divided by thetotal electricity produced over the life time
of asource. This metric is generally used to compare types of electricity generation sources. The study
concludedthatthe LCOE ofa very small SMR (3 MWe) was similar to that of diesel generation, whereas
the othertwo sizes of SMRs were competitive against diesel. Added benefits of SMRs included reliable
operationand no CO, emissions. Further economies could be achieved if waste heat from SMRs were
used for district heating in communities.

The Hatch report focused on the hypothetical deployment at a remote, off-grid mine in Northern
Ontario. The studywas a composite of sixanalyses: technical, financial, socio-economic, stakeholders,
institutionaland environmental. Their analysis was completed based on ashort list of 9vendors comparing
their technological compatibility for remote mine deployment, the vendor and technological readiness
levels,and the LCOE. One of the key conclusions indicated that all SMR designs under consideration
could be economical comparedto diesel. They alsoconcludedthat SMRs can provide reliable electricity
production for a mining operation, with a low carbon footprint. The technical readiness level of the
reactors that they have examined, however, is generally at the medium level.

The Canadian Nuclear Laboratories (CNL) have issued a request for expressions of interest
(RFEI) forvendorsto build an SMR demonstration unit at one of their two licenced sites (Chalk River ON,
and Pinawa MB (CNL, 2017). They recognize that for the market to be ready, the industry must work
togetherto bringthe SMRtechnologyto a working model. Assuch, it is our opinion that deployment of
reactors in Canada will likely follow one of two processes, or both:



(1) Vendor review by the Canadian Nuclear Safety Commission (CNSC, 2019): this step is a pre-
licensing vendor review. It deals mostly with the safety aspects of the reactor designs from
vendors. Currently, 12vendors are at different stages of review. With pre-licensing, a vendor
could apply fora license to build a reactor after engagement with a client. A prototype would not
be necessary.

(2) The RFEI process for an SMR demonstration project with CNL (CNL, 2017): this process
evaluates vendors for the technical and operational readiness of their SMR design, and their
readinesstobuild ademonstration. There are currently four vendors who are at advanced stages
of application. Although this processis notmandatory, vendors must go through CNSClicensing
prior to building and demonstrating.

OFF-GRID NEEDS FOR MINING AND COMMUNITIES IN CANADA

Severalsources, including the SMRroadmapand the Hatch report, recognize that SMRs are an
attractive opportunity for off-grid applications such as mining and remote communities. For instance,
Wojtaszek (2017) has reviewed the NRCan database for remote communities. He mentioned that, at the
time, 280 communities were not connected to the main North American grid, of which 211 relied on fossil
fuel for electricity production. The fossil fuel of local plants corresponds to installed capacity of 337
MWe, with most plants producing between 0.1 and 2 MWe.

The same study mentioned that 32 operating or planned off-grid mines relied on diesel generators.

The total demand for these mines is 658 MWe, with individual power requirements ranging from 4 to ~125
MWe. The demand for most of these mines is between 5to 30 MWe.

Including oil sands extraction, cogeneration and improvements in efficiencies, he concluded that
over 600 sites constitute the potential off-grid market for SMRs in Canada. The combined demand for
these sites is over 35 GWe. Most sites are small communities with small demands, whereas the resource
extraction projects (mining, oil sands) required most of the energy.

RISKS — TECHNICAL AND NON TECHNICAL

The technology readiness level (TRL) of SMRs scored between 4 and 7 (on a 1-9 scale),
depending upon the vendor. The Hatch report indicated that a group of established companies have
technicalandfinancial resources, but fragmented interest in small reactors. Small companies at the venture
level have a strong interest in small reactors but lack resources. The technologies and markets have
undoubtedly advanced since the report was published in 2016; unbiased and agnostic comprehensive
reviews are ongoing with the CNSC and the RFEI-CNL processes to alleviate these risks.

Commercial maturity is a risk identified by the Economic and Finance Working Group (EFWG)
of the SMRroadmap (EFWG, 2018). The group has suggested that government-industry partnerships
should support R&D and demonstration to achieve commercial maturity. Among other recommendations,
the group mentioned that reducing costs of financing is an important hurdle to overcome for bringing
SMRs to market. Some ofthe financial risks, forexample, are associated with construction (costoverruns,
long schedule times, under-developed supply chain).

Externalities arising from electricity production can be significant risks that are not necessarily
built into the costs of SMR deployment. These risks (also costs) are incurred with environmental health,
air pollution, crop yields, climate change at large; those risks are generally borne by society in general
(WNA, 2020). Recently,to compensatefor these risks, governments around the world are using taxon
CO, emissions as an incentive to decrease emissions (ibid). Many other non-technical risks include
political risks (Country risk, resource nationalism), commodity price risks, exchange rate risks, corporate
risk, among others (Trench et al., 2014). Even though Canada is generally considered a safe political
place, land access, land claims, social risk (including protest marches) are issues for the resource extraction
industry (CBC, 2020).

ECONOMIC PROSPECTS OF SMRs FOR MINING AND COMMUNITIES



Dieselgenerators for remote off-grid mines and communities are the incumbent technology and
the choice target for benchmarking economic calculations. Both the SMR roadmap and the Hatch report
compared the LCOE of SMRs vs diesel generation; these reports have not included low-carbon emerging
technologies suchas wind generation. In addition, storage technologies in an energy park with a microgrid
controller might become options in the future (Moore & Gnagnapragasam, 2018; Baidya et al., 2019).

The costing model used in the Hatch report includes the following input capital expenditures
(CAPEX) for the diesel generator: the generator itself, a backup diesel generator, unit addition, and
replacement. The operatingexpenditures (OPEX) for dieselincluded the fuelitselfand theengine rebuild.
The CAPEX listed foran SMRare more complex the plant itself, a diesel generator, energy storage, initial
site licensing cost, spent fuel storage, decommissioning, core-redeployment credit, and unit addition. The
OPEX is the diesel fuel (for the backup generator), labor cost, security, nuclear insurance, other fixed
maintenance, and CO, credit.

The EFWG of the SMRroadmap used similar CAPEX and OPEX parameters but went into more
detailin some areas. Forexample, they focused on three sizes of SMRs for two different uses (community,
mining); they calculated the LCOE for a first unit, which would be the most expensive because it is the
firstof akind (FOAK). A buildercould achieveeconomies of multiples by building subsequentunits (nth-

of-a-kind, NOAK), saving on the learning process and the tools used in building the FOAK, and the
construction process would be shorter.

The cost comparison forthe two sources is givenin Table I. The table suggests that SMRswould
achieve significantsavings, on akWh basis. This Table is an oversimplification; a few factors need to be
considered with this type of comparison:

*The LCOE of SMRs were advantageous compared to the 10-20 MWe diesel generators; this metric
was neutral or similar for the very small SMR of 3 MWe.

*SMRs are capital-intensive, but low maintenance. The LCOE of the SMR, particularly for the SMR
roadmap, assumes favorable factors of a NOAK.

*The LCOE of diesel generators are very sensitive to the price of fuel. The carbon tax if
implemented, would also contribute to the diesel LCOE. A 20 MWe fleet of diesel generators can
consume up to 37 M Litres of diesel fuel annually, emitting approximately 105 000 metric tons (mt) of
CO, equivalent. 20MW x8760 h x 90% x 240 L/MWh gives 37.8 M Litres ofdiesel. That would be
$37.8 M/year. The GHG potential is 2.79 kg CO,/L of diesel (Hatch; FC confirmed this value

independently at 2.69). That amounts to ~105 000 mt CO,/year, or $2.1 M /year at $20/mt tax
annually, if implemented.

*neither report included the costs of shipping and handling fuel, nor the capital expenditures of
holding capacity (e.g., tanks).

*Alternative technologies such as wind are now becoming cost competitive. Some mines own and

operate wind turbines or have engaged with an operator (Raglan, Diavik), or are in the process of
doing so (Agnico Eagle).

SMRs are capital-intensive and have low maintenance costs, compared to diesel, and would
ideally be suited for long-projects (long life of mine, long-termfor a community; see Wojtasek, 2017).
Othercostsrelate tothe operation: mine operators have learnedto utilize diesel generators to manage load
shifts. Managingbase loads with SMRs would be different and would require training, as not all SMR
designs havean easy load following capacity (Hatch, 2016). It has been suggestedthatan SMR might best
be integrated in an energy park with renewables such as wind, a microgrid controller, coupled with storage
technologies (Moore and Gnagnapragasam, 2018; Baidya et al., 2019, Stickler et al., 2017). In this
context, it might be advantageous for a mine owner to engage with an experienced and reputable nuclear
and/or microgrid operator to pay for services that would provide reliable power for operating a mine.



Table I. Comparisons of LCOE for a diesel generator and generic SMRs

Item Source: Hatch report (Hatch, SMR roadmap EFWG (EFWG,
2016) 2018)
($CAD /kWh) ($CAD /kWh)

LCOE diesel (base case) $0.345 $0.320

LCOE SMR $0.193 - $0.288 $0.175 (20 MWe SMR NOAK ) -
(25 MWe SMR) $0.288 (3 MWe NOAK)

Potential savings (compared to ~ $0.057 - $0.152 $0.032 - $0.145

diesel)

CONCLUSIONS

Studies completed to date showthat SMRs would be advantageous for a mine operator based on
the overall cost, long lifetime for the reactor, long refueling schedule, plus averted CO, emissions when
compared with diesel. With the additionof portability, modularity anda small footprint, SMRs provide a
major opportunity forelectricity production and could replace fossil fuel generators. SMR designs are
advancing rapidly, however commercial maturity is still a risk. Government-industry partnerships are
recommended to support R&D efforts and a full-scale demonstration to achieve commercial maturity.
SMRs could pose difficulties fora mine operator due to challenges such as licensing, social acceptability
and waste handling. A mining focused research facility, such as Mirarco, is well placed to assist in
navigating these challenges. An SMR alone produces a good base load, however load following and
backup would likely be needed as a part of an energy park that comprises other renewables, at an
additional cost. Finally,a mine owner might not wantto become an SMR owner or operator; agood model
is for a mine operator to engage with a nuclear operator in a joint venture for ownership and/or operation.
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