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Abstract

Project CURES was a project partially funded by NKS in 2024 and a
collaboration between Chalmers University of Technology in Sweden and VTT
Technical Research Centre of Finland. The project aim was to investigate the
combustion of different cables used in nuclear power plants. To do this, the
cables a fresh chlorosulfonated polyethylene cable, a chlorosulfonated
polyethylene cable that had been subjected to 1 MGy of irradiation, and a Low-
Smoke-Zero-Halogen cable were heated up to 200°C, 300°C and 450°C in a
tubular furnace and the exhaust gases were sampled with online FTIR to
determine their composition and concentration. The same experiment was also
repeated with elemental iodine present, and any differences investigated. For
the experiments including iodine, a liquid trap was placed at the exhaust to
capture any unreacted iodine. These liquid traps were analysed with ICP-MS
to determine the iodine content.

The results imply that the two chlorosulfonated polyethylene cables mainly
released CS2/ SO2, HCI, and a few linear aliphatic hydrocarbons. The
irradiated cable consistently gave less releases, but the species were identical.
The presence of iodine did not change this behaviour.

The Low-Smoke-Zero-Halogen cable mainly released acetaldehyde. When
iodine was added, it also gave ascetic acid and, in the highest temperature,
methyl iodide and isopropanol.
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Abstract

Project CURES was a project partially funded by NKS in 2024 and a collaboration between
Chalmers University of Technology in Sweden and VTT Technical Research Centre of
Finland. The project aim was to investigate the combustion of different cables used in nuclear
power plants. To do this, the cables a fresh chlorosulfonated polyethylene cable, a
chlorosulfonated polyethylene cable that had been subjected to 1 MGy of irradiation, and a
Low-Smoke-Zero-Halogen cable were heated up to 200°C, 300°C and 450°C in a tubular
furnace and the exhaust gases were sampled with online FTIR to determine their composition
and concentration. The same experiment was also repeated with elemental iodine present, and
any differences investigated. For the experiments including iodine, a liquid trap was placed at
the exhaust to capture any unreacted iodine. These liquid traps were analysed with ICP-MS to
determine the iodine content.

The results imply that the two chlorosulfonated polyethylene cables mainly released CS2/
SOz, HCI, and a few linear aliphatic hydrocarbons. The irradiated cable consistently gave less
releases, but the species were identical. The presence of iodine did not change this behaviour.
The Low-Smoke-Zero-Halogen cable mainly released acetaldehyde. When iodine was added,
it also gave ascetic acid and, in the highest temperature, methyl iodide and isopropanol.
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1. Introduction

The aim of Project CURES was to investigate the combustion releases of cables used in
nuclear power plants to gain further insights in what potential organic species can be expected
to contribute to the containment and/or sump chemistry. The presence of iodine is also
investigated. Iodine is one of the most important fission product, and because its potential to
react with organic species and form organic iodides, its presence in this system is worth
investigating specifically.

There is not one specific type of cable used for every nuclear power plant. Different plants use
different materials depending on when they were built/renovated and who built them. In
Sweden, so-called chlorosulfonated polyethylene (CSPE) cables are in use for several nuclear
power plants [1]. This type of cable has been investigated thoroughly before, both in terms of
mechanical properties [2] and ageing (also when irradiation is considered [3]). However, the
combustion behaviour is less studied despite being a potentially important factor for the
accident chemistry. Chlorosulfonated polyethylene can be schematically described as in
Figure 1 (though the exact ratios of the different polymer groups may vary between different
manufacturers).
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Figure 1: Structure of CSPE rubber.

Most of the cable is normal polyethylene, with some chlorinated polyethylene added, and a
few percent of chlorosulfonated polyethylene. This cable confers a good thermal and chemical
stability, as well as resistance to ageing.

An alternative type of cable are so-called Low Smoke Zero Halogen (LSZH) cables, used for
example in EPR type NPPs. These cables do not have a specific chemical composition, but
rather a set of criteria they need to fulfil to be called a LSZH cable. They may not release any
halogens when they burn (typically they do not include any halogen at all) and the smoke they
produce must be limited. In practice, the requirements are regulated by a pair of standards
(IEC/EN 61034-2 [4] and EIC/EN 60754-1/2 [5]). Typically, these cables make use on
inorganic fillers, for example Al(OH)3 to inhibit combustion by evolving water upon heating,
as described in reaction 1.

heat
2 AL(OH); — Al,05 + 3 H,0 Reaction 1

Iodine is a volatile fission product and pose a significant danger to the public and the
environment in case of a severe nuclear accident. Its volatility makes it liable to spread from
the reactor coolant system beyond the containment, primarily in the form of CsI [6]; an
aerosol, but some portion of the iodine can be expected to occur in the form of a I or volatize
from the sump [7] in a later phase. To further complicate the picture, radiolytic reactions
between iodine and organic species may occur, resulting in highly volatile species such as



methyl iodide (boiling point 42°C) or ethyl iodide (boiling point 72°C). Formation of these
substances is also possible in the absence of radiation, but only at high temperatures (400-
500°C) [8] which is not expected in the containment at large but may be possible locally.

The CURES project resulted in one scientific publication, which will be published under open
access as:” Combustion of Cables used in Nuclear Power Plants”, which is also available in
its entirety as Appendix 1 to this report.

2. Materials, Experiments and Method

Three cables were investigated. A fresh CSPE cable (used as received), a CSPE cable that was
subjected to 1 MGy of gamma radiation, and finally a LSZH-cable (used as received).

The temperatures investigated were 200°C, 300°C and 450°C. Each experiment lasted for 30
minutes in the two lowest temperatures, whereas the experiments at 450°C were extended to 1
hour (to ensure the combustion process was complete. Each experiment was performed with
and without the presence of iodine. The total 48 experiments conducted are described in Table
1.

Table 1: Experimental matrix.

Cable Temperature Iodine presence | Duration [min] | No. of repeats
designation [°C]

Fresh CSPE 200 No 30 3
Fresh CSPE 300 No 30 3
Fresh CSPE 450 No 60 2
Irradiated CSPE | 200 No 30 3
Irradiated CSPE | 300 No 30 3
Irradiated CSPE | 450 No 60 2
LSZH 200 No 30 3
LSZH 300 No 30 3
LSZH 450 No 60 2
Fresh CSPE 200 Yes 30 3
Fresh CSPE 300 Yes 30 3
Fresh CSPE 450 Yes 60 2
Irradiated CSPE | 200 Yes 30 3
Irradiated CSPE | 300 Yes 30 3
Irradiated CSPE | 450 Yes 60 2
LSZH 200 Yes 30 3
LSZH 300 Yes 30 3
LSZH 450 Yes 60 2

The experiments took place in a tubular furnace using dry air as the atmosphere. Downstream
from the furnace, an online FTIR is placed to sample the exhaust gases. LOD for the FTIR
was 2 ppm, and measurement uncertainty is a few percent for the FTIR. However, based on
previous experiences, we assume the total combined uncertainty to be 10-20%.



For the experiments with iodine, two further components are needed. lodine is fed into the
system by passing the air over solid iodine crystals held at a temperature of 40°C with the
help of a water bath. Furthermore, a liquid trap was placed downstream from the tubular
furnace to capture any iodine that penetrated the combustion reactor. The system is
schematically represented in Figure 2.

V=2.5
3 .
gm/min Exhaust | V=1
lodine
(solid) | Cable sample | NaOH
Trap
dm®/min
| Filter
FTIR
Exhaust

Figure 2: Schematic representation of the system used for the experiments with iodine. For the experiments without
iodine, the initial water bath and the liquid trap were disconnected.

3. Key Results

The results of particular interest are the FTIR diagrams for the various processes. Several of
these can be found as Figures 3-10 and several other Figures can be found in the attached
publication. All three cables have very limited releases at 200°C and the main conclusion to
draw from those experiments is that, for the investigated timeframe, the cables appear to
remain intact. There is a small release of CS2 from the fresh CSPE-cable, but that is all.

For the Fresh CSPE cable the main species released at both 300°C and 450°C, no matter the
presence or absence of iodine, is HCI. Both CS2 and SOz are also important contributors early
in the combustion process. As for the organic species, they are mostly limited to relatively
short aliphatic hydrocarbons, though high temperature does give raise to acetaldehyde
(C2H40), presumably due to oxidation by the oxygen at these temperatures.

The irradiated CSPE cable behaves almost identically to the fresh one, with the key difference
that the magnitude of the releases consistently is lower than for the fresh cable.



Fresh CSPE, 300 degrees
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Figure 3: Combustion process of the Fresh CSPE cable at 300°C
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Figure 4: Combustion process of the irradiated CSPE cable at 300°C. Notice the decrease in concentration
compared to Figure 3.



Fresh CSPE with lodine, 300 degrees
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Figure 5: Combustion process of the fresh CSPE cable at 300°C with iodine present. There is very little change

in what species are present.

Fresh CSPE, 450 degrees
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Figure 6: Combustion process of the fresh CSPE cable at 450°C.
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Irradiated CSPE, 450 degrees
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Figure 7: Combustion process of the irradiated CSPE cable at 450°C. Notice the similarity with the fresh cable

without iodine present in Figure 6.

Irradiated CSPE with iodine, 450 degrees
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Figure 8: Combustion process of the irradiated CSPE cable at 450°C with iodine present.
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The LSZH cable behaves differently. For both the 200°C and 300°C there are barely any
releases (the presence of iodine does not change this). For the highest temperature the releases
become comparable for most of those of the CSPE cables, though the species changes. As
expected, no sulfur or chlorine species can be seen for the LSZH cable. However, the
presence of iodine changes the combustion of this cable significantly. Without iodine, the
most prevalent species in this case is acetaldehyde (C2H40), with some linear hydrocarbons
also being released. Once iodine is present, however, acetaldehyde is only sparingly
measured. Instead, the releases are dominated by ascetic acid (C2H40O2). There is also a release
of isopropanol (C3HgO) for about half of the process. In the latter half of the combustion
process, isopropanol is replaced by methyl iodide.

This cable releases acetaldehyde when it burns in air. When iodine is added, the acetaldehyde
is oxidized further, forming ascetic acid. This acid presumably reacts with any methyl iodide
in a methyl addition reaction, which forms isopropanol from the acetic acid. However,
towards the end of the experiments when the ascetic acid concentration decreases, the reaction
with methyl iodide becomes less likely, and methyl iodide can be measured in the FTIR
directly.

LSZH cable, 450 degrees
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Figure 9: Combustion process of the LSZH cable at 450°C. The process is dominated by acetaldehyde
(C2H40). Note that the CSPE cable only produces acetaldehyde in the presence of iodine, whereas this cable
does not need iodine.
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LSZH cable with iodine, 450 degrees
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Figure 10: Combustion process of the LSZH cable at 450°C with iodine present. There is very little
acetaldehyde present, and instead the process is dominated by ascetic acid (C,H40,). Notice that methyl iodide
(CH3sl) can be detected only after the isopropanol (C3HgO) and ascetic acid has begun decreasing.

4. Conclusions

Project CURES aimed to investigate the combustion of cables used in nuclear power plants,
with a special interest in weather or not iodine affected the process. The main results are
drawn from the on-line FTIR analysis of the combustion processes.

None of the investigated cables produce significant amounts of combustion products at low
temperatures in the investigated timescale. Only at 450°C is there an extensive evolution of
volatile combustion products, though there is some combustion of the fresh CSPE cable at
300°C.

There is a clear difference between the combustion of the cables. The CSPE cable gives raise
to several acidic species; HCI and SOz, especially when the combustion becomes more
complete at high temperatures. This potentially has implications for nuclear safety, as
acidification of the reactor sump may affect the chemistry, especially iodine. However, how
significant this effect turns out to be depends on the amount of cable present, and how
complete the combustion is, which in turn depends on the accident. Aside from the acidic
species, the CSPE cables tend to give aliphatic hydrocarbons and some acetaldehyde. The
presence of iodine made little difference for these cables overall.

The LSZH cable gives almost no releases at temperatures up to 300°C. At 450°C it mainly
produces acetaldehyde and limited linear hydrocarbons. Methyl iodide was also detected in
small amounts. However, when iodine is present, this system changes significantly in that
ascetic acid becomes the main species. Methyl iodide is also produced in significant amounts,
though it will react with the ascetic acid, if possible, to form isopropanol.

What is clear is that different cables clearly behave in different ways in combustion. This may
have implications for the accident chemistry, especially for the potential formation of organic
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iodides or tellurides. The formation of such species is further made much more likely under
radiation [9], which has not been investigated here.
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ABSTRACT

The combustion and subsequent reactions of cables found in nuclear power plants are
investigated, including chlorosulfonated cables (CSPE cables) and a Low-smoke zero-halogen
cables (LSZH cables). In some cases, the cables are irradiated with 1MGy of gamma radiation
before combustion. lodine is added to the gas phase to investigate the potential formation of
organic iodides. The combustion process can be followed online with the help of FTIR. The
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combustion of the CSPE cable mainly releases HCl, SO, and CS, and aliphatic hydrocarbons. If
the cables are pre-irradiated, the species released are largely the same, but the releases are
lower. The LSZH cable required higher temperatures to pyrolyze and gave significant releases
of acetaldehyde. This cable was not irradiated. The addition of iodine results in the formation of
methyl iodide (CH;sl) for the LSZH cable at 450°C. CHsl also reacts with other organics released
in the combustion, forming isopropanol. The same happens for the unirradiated CSPE cable,

but to a much lower degree.

1. Introduction

A severe nuclear accident is characterized by the
release, or the potential for release, of radioactive
material from the containment. This makes the radio
nuclides themselves vital to study and several such
studies focusing on different radionuclides are avail-
able [1-8]. However, these studies focus mainly on the
direct release of the radionuclides from the source
term. In a more realistic case, there will also be other
chemical compounds that any released radionuclides
can react with. These include organics from paints and
cables, and other metals or structural materials. The
products formed in these interactions can greatly
affect the actual release patterns and thus, also, the
total release of radionuclides during and after a severe
accident.

An important group of components (with
potential impact on the evolution of accident the
chemistry) is electric cables. Cable jacket materials
make up the outer surface of cables exposed to
prevailing conditions in NPP and is thus predo-
minantly available for chemical reactions. Cable
jacket materials differ between nuclear power
plant, depending on the national legislation
and year of construction/refurbishment of the
power plant in question.

This paper aims to investigate the organic species
released by the combustion of cables in the reactor
containment. These include chloro-sulfonated poly-
ethylene (CSPE) cables, both fresh cable and cable

subjected to irradiation. Similarly, a low-smoke zero-
halogen (LSZH) cable are investigated. In this
instance, only a fresh cable is investigated. These
cable types are representative of, respectively, the
Swedish BWR-type nuclear power plants (NPPs)
Forsmark and Ringhals [9], and a new, French
EPR-type NPP. Special interest falls on any interac-
tions between the released combustion products and
iodine.

2. Background
2.1. lodine chemistry in a severe nuclear accident

During an accident, the engineered safety systems will
likely be triggered. These include the containment
spray system, used to wash down any aerosols formed
from the gas phase and into the water sump at the
bottom of the containment. The spray solution is alka-
line (pH ca. 9.3 [10]) but also contains boric acid. The
alkaline pH retains the fission product iodine dis-
solved as I", with boron added due to its neutron-
absorbing properties.

Iodine is one of the most significant fission products
from a radio-hazard point of view. In a severe accident,
iodine predominantly tends to form cesium iodide, CsI
(cesium being another fission product) [11]. CsI exists
as an aerosol and is effectively washed down into the
sump by the containment spray system [12]. However,
in a real accident, there is potential for radiation-
induced reactions which may (re)form iodine [13] or
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lead to the formation of organic iodides [14], some of
which are volatile.

A few per cent of iodine can also be expected to
exist in the gas phase as I,, rather than Csl. I, is
not expected to react thermally with O, or N, [15]
(though the presence of radiation may affect this).
During an accident however, organic iodides, such
as methyl iodide CH;l, can be formed from the
interaction between volatile iodine and the organ-
ics released from containment paint due to radi-
olysis [16]. These species are even more volatile
than I, and similarly radiotoxic.

The exchange of iodine between the gas and
liquid phases may be described as Reaction 1.
This is a purely physical phenomena and does
not involve any chemical reaction. While iodine
gas is slightly soluble in water, its solubility is
increased upon the addition of iodides in the
aqueous phase, due to the formation of the highly
soluble triiodide ion [15]. The rate of reaction 2
(the forward reaction) is very fast, 6.2 x 10°
M st [17], meaning that this reaction can effec-
tively capture any dissolved I,. Reaction 3 May
also contribute to the dissolution of iodine but
the extent depends on the pH. The more alkaline
the system, the more important Reaction 3
becomes [15].

Reaction 2 requires iodide in the aqueous
phase. In an accident this is supplied by, say,
washed-down CsI.

L(g) = L(aq) (1)
L(aq) +1 (aq) = I; (aq) ()

L(aq) + H,O() = OI (aq) +1 (aq) +2H" (3)

Direct interaction between volatile organics and
iodine in the gas phase of the containment could
be theoretically possible due to radiolysis, but the
low concentration of both iodine and organics
makes it this unlikely [13]. To further limit this
possibility, the organic radicals are likely to react
with ambient oxygen [14]. Likewise, a thermal
reaction between organics and iodine resulting in
organic iodides is possible but only at tempera-
tures beyond what may be expected in the con-
tainment (400-500°C for the reaction between

methane and iodine) [14]. These temperatures
may be reached locally, however, in which case
the reaction may become significant.

2.2. Chlorosulfonated polyethylene (CSPE)

CSPE (also known by the brand name ‘Hypalon’)
cables are used in nuclear power plants due to their
good resistance to ageing, chemical degradation and
high temperatures (remaining intact up to 130°C, or
more for a limited time) [18,19]. The use of this type
of cable has been well documented in terms of
mechanical properties after ageing [19,20] and irra-
diation [21,22]. However, combustion of these cables,
especially in terms of their chemical releases, is less
well-studied.

CSPE is not a homogenous compound but a class
of polymers; their exact composition with respect to
chlorine and sulfone content will vary depending on
the intended use, production method and time of
production. Furthermore, factors such as crosslink-
ing, additives, fillers and chain length are all proper-
ties that are likely to change which, in turn, changes
the material properties. However, all CSPE polymers
are formed by polyethylene with a portion of the
hydrogen atoms replaced by either chlorine or sul-
fonyl chloride. Typical contents are about 25-43%
chlorine and 0.8-1.5% sulfur (by weight) [23,24].
The chlorination/sulfonation of polyethylene typi-
cally results in a random replacement of hydrogen
atoms, which also affects the material. The polymer
is typically not made up of discrete chlorinated/
sulfonated blocks.

CSPE consists of three different monomer types:
ethylene, ethyl chloride and ethyl sulfonyl chloride.
Depending on the sulfur and chlorine content, the
ratio between these will differ for different batches of
CSPE. Figure 1 gives a schematic representation of
a polymer with typical ratios.

2.3. LSZH cables

LSZH cables are electrical cables designed to emit
a limited amount of smoke and halogenated com-
pounds when they burn, typically by making use of
hydrated inorganic fillers. These hydrated fillers pro-
duce water vapor upon heating, cooling the

%CHZ—CHZWCHZ—EPWCHZ—?H .
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Figure 1. Schematic structure of CSPE. Note that the numbers of the different groups are typical values, liable to differ somewhat

between samples and manufacturers.
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