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ABSTRACT

Small modular reactors (SMRs) are being considered as a useful option to reduce the total capital costs of nuclear 
power plants and to provide power in small or off-grid systems. The SMRs offer simpler, standardized and safer 
modular design by being factory built, requiring smaller initial capital investment, and having shorter construction 
times. SMRs could be small enough to be transportable, could be used in isolated locations without advanced 
infrastructure and without power grid, or could be clustered in a single site to provide a multi-module, large capacity 
power plant. In this sense, Brazil has about 200 isolated systems in the Amazon region with no connection to the 
national grid. SMRs could be suitable to serve some of these smaller energy markets with less developed 
infrastructure, replacing large diesel generators, with expensive fuel cost, often noisy, highly polluting and have low 
overall efficiency. Despite the economics of SMRs have yet to be proven, the Brazilian growth of electricity 
generation will demand all available sources of energy and some proposes must not discard their evaluation in terms 
of the SMR applications. This paper addresses the potential application of SMRs with focus in specific Brazilian 
regions.

1. INTRODUCTION

The small modular reactors (SMRs) are targeted both to the traditional market, when they are 
clustered in a single site to provide a multi-module and large capacity power plant, as well as 
to niches of the electric energy market for which the large NPPs are not appropriate. Typical 
features of SMRs encompass: power up to 300 MW (e), flexible power generation, possibility 
of factory-based manufacturing, serial deployment of their components and transport as 
modules to sites or utilities as demand arises [1]. Besides, SMRs demand smaller initial 
capital investment, and shorter construction times explaining the increasingly interest of the 
nuclear market in this option [2]

These two approaches can be identified in the plans of United State to redevelop the nuclear 
industry (traditional market), where particular attention has been focused in recent years on 
the development of SMRs that could potentially replace coal-fired power plants that must 
shut down because of new, strict regulations on air pollution from the US Environmental 
Protection Agency (US EPA), and in the Russia where one of its ongoing projects is a floating 
SMR (niche market) that is believed to be an adequate solution for bringing electric power to 
remote regions in Russia [3].
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Brazil has about 200 isolated systems in the Amazon region with no connection to the 
national grid [6]. SMRs could be suitable to serve some of these smaller energy markets with 
less developed infrastructure, replacing large diesel generators, with expensive fuel cost, 
often noisy, highly polluting and have low overall efficiency. The aim of this paper is present 
the basic information in order to contribute to the discussion about this potential application.

2. SMALL MODULAR REACTORS (SMRs)

Small modular reactors (SMRs) are characterized by an electric output below 300 MWe, 
factory-based production of reactor modules that make them a suitable solution for niche 
markets (application in remote or isolated areas, islands, etc.) where any power generation 
option is technically difficult to implement and costly [3]. SMRs could also be deployed in 
traditional markets where conventional plants and large-scale nuclear power plants (NPPs) 
are serious competitors. In this market segment, SMRs are expected to benefit from a reduced 
number of structures, systems and components (compared to large-scale NPPs), simplified 
power conversion systems, enhanced flexibility and easier financing, but this last advantage 
has yet to be demonstrated [3].

According to IAEA, there are about 50 SMR designs and concepts globally [1]. Many near
term deployable SMRs are of the integral pressurized water reactor (iPWR) type. There are 
two pressurized light water SMR projects in advanced stages of construction: in the Russian 
Federation, the KLT-40S, a PWR-based transportable nuclear power plant (TNPP) with a 
capacity of 35 MWe per module is expected to produce electricity and be connected to the 
grid by 2019; in Argentina, a prototype natural circulation iPWR with a capacity of 31 MWe 
called CAREM-25 is expected to be ready for start-up commissioning and criticality in 
October 2018 (see Table 1) [4].

Table 1: Status of pressurized light water SMR projects in the world

SMR Electric Output Plant
Configuration

Licensing status
Unit(s) MWe

(net)
CAREM-25 (a
prototype)
Argentina

1 27 Single module Licensed
Under construction

KLT-40S (w/desal)
Russia

2 2 x 35 Twin-unit barge- 
mounted

Licensed
Under construction, 
completion in 2019

SMART (w/desal)
Korea

1 90 Single module Licensed

mPower
United States

2 2 x 180 Multi-module Pre-application
review

NuScale
United States

12 12 x 45 Multi-module Pre-application
review

Holtec HI-SMUR
United States

1 160 Single module Pre-application
review
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Westinghouse
United Kingdom

1 225 Single module Pre-application
review

Source: IAEA, 2014

Benefits are expected in having several SMR units instead of one large NPP regarding 
operation and outage management as the refuelling and maintenance team could be fully 
employed by the operator. Multi-unit configuration helps also to avoid long outage periods 
(when compared with Advanced Light-Water Reactors - ALWRs) through unit-by-unit 
maintenance and refuelling. The SMR Holtec' designer claims that refuelling will require 
only one week every 42 months. Decommissioning is expected to be easier and less costly, 
comparing modules with a large NPP [3].

Comparing large NPPs with SMRs, both SMRs and modern Advanced Light-Water Reactors 
(ALWRs) rely on modular construction, but for SMRs, differently of ALWRs, in some cases 
the module is the entire reactor system including all components of the primary circuit. These 
stand-alone modules could be transported to the construction site (that could also involve 
factory-produced structures) and installed [1].

Full factory assembly of units is expected to allow large savings in the costs of 
manufacturing. According to SMR designers, most of SMR designs require the construction 
of five to seven plants to get the most out of supply chain establishment and learning. Thus, 
SMRs strongly rely on the effects of serial production in factory conditions that could 
compensate for diseconomies of scale. Theoretically, for a large production series, the 
overnight investment cost per kWe of SMRs could be smaller than for ALWRs. In addition, 
in absolute terms a single small modular reactor is much cheaper than an ALWR, i.e. it is 
expected to be easier to finance, in particular for incremental deployment, and thus SMRs are 
more affordable for many utilities [3].

Countries with large shares of renewables in their energy portfolio are a potential market for 
SMRs. Plants with several SMR units offer better flexibility for utilities sharing the grid with 
variable renewables or operating in small grids. The transmission infrastructure requirements 
could be smaller for SMRs than for ALWRs (because of lower electric output). This makes 
them suitable for deployment in a larger number of locations [2].

Most SMR designs offer high potential for operation in load-following regimes. Normally for 
a single large nuclear reactor load-following is inefficient on account of the nuclear power 
generation is composed almost entirely of fixed costs. Therefore, lowering the power output 
does not greatly reduce generating costs and some plant components are thermo
mechanically stressed. A more efficient solution could be to maintain the primary circuit at 
full power and to use the excess power for cogeneration. Because of the intrinsic modularity 
of an SMR site it is possible to operate the primary circuits of the SMR plant at full capacity 
and switch the entire thermal power of some of the modules or use the electricity produced 
for the cogeneration of suitable by-products. Therefore, the load-following strategy can be 
realised at the site level, by diverting 100% of the electricity produced or 100% of the 
thermal power generated of some SMR units to cogeneration purposes and/or to produce 
electricity for the market [3].
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3. NUCLEAR ENERGY AND ISOLATED ELECTRIC SYSTEMS IN BRAZIL

According to the Article 2th of Decree n° 7.246/2010 issued by the Republic of Brazil 
Presidency, isolated electric systems are public distribution systems of electric energy which, 
in its normal configuration, are not electrically connected to the National Interconnected 
System (SIN), due to technical or economic reasons. In this same Decree, remote regions are 
defined as small groups of consumers located far from the municipal offices, and 
characterized by the absence of economies of scale or density [5].

Based on data of EPE about isolated systems, there were in 2014 about 200 isolated systems 
in the Brazilian Amazon region - composed by the regions of the states of Acre, Amapa, 
Amazonas, Mato Grosso, Rondonia, Roraima and Para - with no foreseen connection to the 
SIN until 2023. In addition to these, there is the Isolated System of Fernando de Noronha 
Island, in the state of Pernambuco, which does not have foreseable connection with the SIN 
[6].

The size of these systems is quite varied, with small Maximum demand of 3 kW (for 
example: Maloca Santa Cruz - RR), up to a much larger system, with a maximum demand of 
25,500 kW (eg Itacoatiara - AM), both demands referred to the year 2014 [6].

Figure 1 shows the distribution of the totality of Isolated Systems in function of their 
maximum demand and their evolution between the years of 2014 and 2023 [6]. Table 2 shows 
the average maximum demand of Isolated Systems.

Historically, the Isolated Systems have been serviced through generator systems fed with 
diesel oil for small (some tens of kilowatts) to large demands (in the order of a few 
megawatts). The operation and maintenance of this type of generator are quite widespread in 
the Amazon region due to the large number of operating systems and the long period in which 
they are already used. However, since the fuel is not produced in the same locality as it is 
used, generator systems based only on diesel (or gasoline) have, among others, an important 
feature: fuel supply and storage logistics. Especially in the Amazon region, fuel sometimes 
requires two different transportation modals (river and road), subject to the seasonal climatic 
conditions of floods and droughts of the rivers. For this reason, in some locations, there is a 
need to store fuel for long periods of time, up to six months [6].
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Figure 1: Distribution of Isolated Systems in function of their maximum demand among 
Years of 2014 and 2023. Source: adapted from EPE, 2014.

Table 2 - Average maximum demand of Isolated Systems.

Group Average maximum demand 
2014 [kW]

Average Maximum Demand 
2023 [kW]

Until 100 kW 30 28
From 100 to 1000 kW 345 370

Above 1000 kW 4,580 8,230
Source: adapted from EPE, 2014.

The Brazilian Government is pursuing sustainable solutions for the isolated systems with 
emphasis in economic and energy efficiency, mitigation of environmental impacts and local 
energy resources [6]. Virtually free of greenhouse gas emissions, with high capacity and high 
energy density factors, nuclear power is an option to be taken into consideration for systems 
of high demand isolated in the Amazon region. Logistics would be greatly simplified by the 
relatively small amount of fuel being transported and stored as compared to diesel generators.

4. POTENTIAL OF SMRs FOR ISOLATED ELECTRIC SYSTEMS IN BRAZIL

Initially, it is important to emphasize that the present work does not intend to be exhaustive in 
demonstrate the feasibility of application of SMRs for isolated electric systems in Brazil. The 
main purpose is to indicate the potential of this application, in order to justify further studies 
about this subject.

4.1 Economics of Isolated Electric Systems in Brazil

Regarding the diesel generators operating in Amazon isolated systems, the reference data in 
this work are from a EPE's study aiming at evaluating the economic attractiveness of hybrid 
solution in systems of so-called Lot II corresponds to the localities of the Middle
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Solimoes/Purus region in Amazonas state, which do not have connection forecast to the SIN 
in the planning horizon. The cost of diesel oil in the analysed localities is considerably higher 
than that practiced in state capital. This is due, in particular, to the location and logistical 
difficulties typical of the region. In simulations of EPE study, based on the Reference Project 
and the information published by the Brazilian National Petroleum Agency, Gas Natural and 
Biofuels - ANP, the value of USD 1.0692/L was considered (ref. BRL June/2016 and 
exchange rate BRL/USD = 3.2) [7].

Some investment and operating and maintenance costs - O&M are common to any 
configuration of the generator system. Regarding the cost of investment, it can be emphasize, 
non-exhaustively: generator sets and auxiliary systems, project design, land acquisition, civil 
works, grounding system, substation construction, and electromechanical assemblies. In the 
O&M component, the following stand out: salary of the operators, replacement of parts, and 
maintenance of common structures.

Initially, the total investment costs shown in Table 3 for purely diesel systems were adopted. 
From these data, 35% corresponds exclusively to the generator sets. The other 65% 
corresponds to the total investment cost excluding the costs of generating groups, hereinafter 
referred to as the fixed investment cost.

Table 3 - Costs per plant, based on the design proposed in the Reference Project

Isolated
market

Installed power 
(kW)

Total cost of 
investment 

(USD)

USD/kW Unit Variable
Cost - UVC 
(USD/MWh)

Araras 400 687,500 1,718 395
Canutama 3,000 3,750,000 1,250 340

Tapaua 5,000 6,250,000 1,250 340
Boca do Acre 12,600 10,828,125 859 408

Source: adapted from EPE, 2016.
Exchange rate BRL/USD = 3.2 (BRL: Brazilian Real; USD: US Dollar)

The fixed O&M cost was considered the equivalent of 5% of the fixed investment cost. For 
simulation purposes, the complementary value related to the fixed O&M costs of the diesel 
generator was considered in the cost of replacing the generator sets.

As described above, the investment cost of diesel generators, in this EPE study, corresponds 
to 35% of the total investment cost. It was considered that every 15,000 operating hours 
require the general maintenance of the equipment. This maintenance was represented in the 
Homer software model at replacement cost, equivalent to 60% of the generator value. In 
addition, the variable O&M cost considered was USD 7.8/MWh (ref. BRL June/2016 and 
exchange rate BRL/USD = 3.2).

Regarding the specific consumption of the machines, in the case of the Tapaua plant, for 
example, when the machine is at rated power and the generator, at its maximum efficiency 
point, is capable of delivering 1 MWh consuming 283 liters of diesel [7].

It should be noted that in all simulations, at least one generator was considered to be 
operating continuously, so as to establish frequency (60 Hz) and mains voltage, and no 
network-forming inverters were used. The quantities of machines and unit powers considered
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were the same as those of the Reference Project, resulting in the installed power indicated in 
Table 3.

From this amount, a mark-up was added that represents other costs inherent to the generation 
in these systems such as financial, administrative costs, taxes, charges and fuel inventory. The 
mark-up value considered was 10%, bringing the cost of diesel to USD 1.176/L (ref. BRL 
June/2016 and exchange rate BRL/USD = 3.2).

In addition, as sensitivity, the results will be analysed with the increase of the cost of diesel 
by 25% and by 50%, in addition to a cost reduction of 25%. These analyses are justified by 
the uncertainty of the value of diesel during the contractual period and by the fact that it is an 
expense that persists throughout this period.

Considering the market data to be contracted (base year 2022), the reference price calculated 
by EPE of Lot II (which includes 20 locations, including 4 under study) results in about USD 
458/MWh (ref. BRL June/2016 and exchange rate BRL/USD = 3.2).

4.2 Economics of SMRs

The economics of SMRs (capital costs, operation and maintenance [O&M] costs and fuel 
costs) are not yet known. SMR vendors and specialists present the following advantages and 
challenges of small modular reactors according Table 4 [8]:

Table 4 - Advantages and Challenges of SMRs

Advantages Challenges

Te
ch

no
lo

gi
ca

l I
ss

ue
s

• Shorter construction period
(modularization)

• Enhanced reliability
• Possibly enhanced safety
• Reduced complexity in design and 

human factor
• Suitability for non-electricity 

application (i.e. process heat and 
desalination)

• Tolerance to grid instabilities
• Small-sized units allow easier 

decommissioning

• Licensability (delays due to design 
innovation)

• Technical challenge for non LWR 
technologies

• Infrastructure requirements
• Impact of innovative design and fuel 

cycle to proliferation resistance
• Operability
• Spent fuel management and waste 

handling policies

N
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ec

hn
ol

og
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• Fitness for smaller electricity grids
• Options to match demand growth by 

incremental capacity increase
• Site Flexibility
• Lower capital cost
• Easier financing scheme

• Economic competitiveness (impact of 
economy of scale)

• Reduced emergency planning zone
• Regulation for fuel or NPP leasing
• Limited market opportunities
• First of a kind cost estimate
• Availability of design for newcomers
• Limited technical benefit for 

newcomers
Source: SUBKI, 2011 [8].
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According to the estimates available today, if the competitive advantages of SMRs are 
realised, SMRs are expected to have lower absolute and per kWe total construction costs than 
ALWRs. This would be possible if SMRs were produced in large numbers, through optimised 
supply chains and with smaller financing costs. According to vendors' estimates, most SMR 
designs require the construction of five to seven plants to get the most out of supply chain 
establishment and learning. The size of the SMR market (determining the possibility of 
factory production) is thus particularly important for achieving the desired level of 
competitiveness.

Variable costs (O&M and fuel costs) for SMRs most likely will be higher than for ALWRs. 
Fuel costs are expected to be higher because of smaller core sizes and a less efficient use of 
the fuel. O&M costs will depend on the capability of the SMR designer to prove to the 
nuclear regulators that security and operation requirements could be achieved with fewer 
personnel than for ALWRs. However, for multi-unit plants with several SMR units, O&M 
costs per MWh are likely to decrease, although this will depend on regulatory requirements. 
Consequently, if SMRs are produced in series in factory conditions, they are likely to be 
cheaper to build than ALWRs in terms of both absolute and per kWe total construction costs, 
although they will have higher variable costs. In economics terms, SMR costs are therefore 
situated between those of coal and large nuclear plants [2].

The Russian barge-mounted KLT-40S, currently under construction, is intended to be 
deployed by 2019 in the Chukotka region (in northeast Russia). This project is based on the 
well-established technology of icebreaker-type nuclear reactors. According to the latest 
estimates, the cost of electricity produced by this first-of-a-kind (FOAK) plant is expected to 
be about USD 200/MWh. Such high values are a result of large staffing requirements (in total 
about 250 employees) motivated by the application of today's regulations in Russia. In 
addition, the fuel cost for such units is high, and maintenance of the barge and the coastal 
infrastructure requires a high level of resources [3].

Despite this high cost of electricity generation, the floating NPP is believed to be an adequate 
solution for bringing power to remote regions in Russia because the cost of alternatives, 
including a power grid extension, is also high. Given the typical power demand of 50 to 100 
MWe, estimates show that a 500 to 1,000 km grid extension is more expensive than 
deploying an SMR locally. In the future, up to seven floating NPPs (not necessarily of the 
same design) could be constructed in Russia, but the decision will be taken based on the 
feedback from experience with this first unit [3].

5. CONCLUSIONS

Interest in SMRs is driven both by the need to reduce the impact of capital costs and to 
provide power and heat in small or off-grid systems. For some SMR designs, the use of 
passive safety systems also represents an attractive feature, allowing, for example, decay heat 
removal in the case of accidents without the need for operator intervention.

The Brazilian Government is pursuing sustainable solutions for the isolated systems with 
emphasis in economic and energy efficiency, mitigation of environmental impacts and local 
energy resources. SMRs could be an interesting option to address this issue.
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Despite the economics of SMRs have yet to be proven, their potential application for isolated 
electric systems suggest to be an attractive option and be worthy of detailed studies, namely 
for typical conditions of Amazon region where the prices of electricity using diesel generators 
can achieve values above USD 400/MWh, as the reference case of Middle Solimoes/Purus 
project in Amazonas state used in this work.

Considering the logistic difficulties of Amazon region a barge-mounted SMR could be a 
suitable option for electric supply as well as to create qualified jobs due the staff needed for 
its operation and maintenance, improving the economy in regions having low human 
development Index.
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