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Protection of subterranean water infrastructure in an abrupt 

sunlight reduction scenario 

Abstract 

An abrupt sunlight reduction scenario (ASRS) could result from a nuclear war, 

supervolcanic eruption, or asteroid/comet impact, reducing global temperatures for over 

a decade and leaving subterranean water pipes vulnerable to freezing. This paper builds 

on previous work assessing the extent of vulnerable water pipes in a severe ASRS, and 

assesses the feasibility of two methods of pipe protection: (i) piling soil above the pipes, 

and (ii) installing electrical resistive heat cables around pipes. Total vulnerable pipe 

length is expected to be 5.4-8.8 million km affecting over 2 billion people, with peak 

freeze depths exceeding 30 m. In several assessed scenarios, soil piling is expected to 

take 113-141 days and leave 0.32-0.64 million km of pipelines damaged, affecting 161 

million people. Heat cables could be installed where soil piling is impractical, such as 

where pipes are beneath critical roads, but heat cable production is expected to be 

sufficient for less than 1% of vulnerable pipes. Implications for local, national, and 

international response planning are discussed, and potential directions for future research 

are identified, including improved quantification of the extent of subterranean 

infrastructure, analysis of direct damage from an ASRS-causing event, and exploration 

of alternative infrastructure protection methods. 

 

Keywords: Existential risk, Global catastrophic risk, Nuclear winter, Arctic engineering, 

Ground freezing, Water pipes 

Word count: 5403  



iii 

 

Classification: In-Confidence 

1. Introduction 

A nuclear war, supervolcanic eruption, or large asteroid/comet impact could release immense 

amounts of aerosol materials, such as sulphates or black carbon, into Earth’s stratosphere, 

where they would remain for several years and block incident sunlight [1]. The probability of 

such an event, known as an abrupt sunlight reduction scenario (ASRS), is estimated to be on 

the order of 0.1% to 1% per year [2]. An ASRS would decrease global temperatures and 

precipitate rapid, widespread climate changes [1], and could cause an unrecoverable collapse 

of civilisation, affecting countless future generations, so is considered an existential risk to 

humanity [3]. 

 

While prevention of such events is preferable in all cases, preventive efforts are not guaranteed 

to succeed, so investigation of response and resilience is also required [4]. As such, the impacts 

of, and resilience to, a severe ASRS have been the subject of previous research. An ASRS 

would cause regional infrastructure destruction and reduce energy generation from wind and 

solar sources [5]. Additionally, the impacts of an ASRS on food supply would be acute. Storing 

sufficient food for the duration of an ASRS is expensive and infeasible if the catastrophe were 

to occur soon, meaning provision of adequate food following an ASRS would likely depend on 

rapidly scalable resilient food sources [6]. These resilient foods include those not dependent on 

sunlight, and those with lower sunlight requirements than traditional foods [7]. Resilient foods 

have been analysed based on their present costs [8], and further research has investigated 

protein extraction from leaves [9], transforming cellulose into sugar [10], production of natural 

gas- [11] and hydrogen- [12] consuming single-cell protein (SCP), greenhouses to increase 

food production [13], seaweed [14], and the nutrition of resilient foods [15,16]. 

 

While the effects of an ASRS on food and energy supplies have been the subject of a growing 
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body of research, the direct impacts of reduced temperatures on infrastructure are less well-

studied. Temperature reductions can affect above-ground infrastructure by weakening material 

or causing contractions. For example, reduced temperatures can cause embrittlement of welds 

in metal rails, leading to cracks which reduce weld strength [17,18]. Additionally, reduced 

temperatures can cause the rails themselves to contract, increasing mechanical stress on joints 

and increasing the probability of breaking under load. While these effects are well understood, 

their increased frequency and severity following an ASRS would necessitate increased 

resources for inspections and maintenance. 

 

Temperature reductions could also affect subterranean infrastructure, including pipes carrying 

fresh water and/or sewage. While soil expansion can cause heaving of these systems and 

damage critical infrastructure, expansive soils are uncommon [19]. However, the drastically 

reduced temperatures in an ASRS could freeze the liquid in pipes, causing bursts and extensive 

damage. 

 

Previous research has assessed the extent of subterranean pipes vulnerable to an ASRS [20], 

but has not investigated methods to protect this infrastructure to ensure continuity of critical 

services. A range of interventions could prevent freezing of pipes. If above-ground conditions 

permitted, insulation could be increased by piling biomass, gravel, or soil. Biomass, such as 

leaves and sawdust, would provide the best insulation, but would be required for other 

applications in an ASRS, such as in the food system [21], so would likely be unavailable for 

infrastructure protection. Of the remaining two, soil is less expensive, less air permeable, and 

more ubiquitous than gravel, so is expected to be the most likely method of increasing pipe 

insulation. Where material cannot be piled atop the ground to provide additional insulation, 

such as when the pipes are located beneath critical roads, other options exist to prevent freezing. 
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Various potential solutions exist: (i) excavating around pipes and installing electric resistance 

heating ("heat cable") and insulation, then backfilling the hole; (ii) removing the 

pavement/concrete to install insulation, then replacing the road surface (however, with no 

source of heat, the required thickness of insulation is expected to be impractical); (iii) burying 

the pipes deeper, which would be complicated given the interruption of service; (iv) installing 

a two-pipe system with water recirculation, which is commonly employed in areas with 

permafrost [22] but would require service interruption and additional piping costs; (v) 

deploying an electric heating element within the pipes; and (vi) heating water entering single 

pipes, which would require increased flow rates and energy costs, and thus may not be 

generally feasible. Of these options, installing heat cable around vulnerable pipes is expected 

to be the most viable. 

 

This work builds on previous work assessing the extent of vulnerable subterranean pipes in an 

ASRS [20], and assesses the two methods considered the most feasible for protecting 

subterranean pipes in an ASRS: (i) piling additional soil on top of the ground above the pipes; 

and (ii) adding heat cables and additional insulation to excavated pipes. Data on the extent of 

vulnerable pipes are obtained from previous work, and heat transfer models are used to 

determine the effects of different pipe protection methods. The scalability of pipe protection 

using current resources is calculated, and important considerations for local, national, and 

international infrastructure protection efforts are discussed. 

 

2. Methods 

Global ground temperatures are obtained from the climate model developed by Coupe et al. 

[23], which provides global climate data for 20 years following an ASRS caused by a large-

scale nuclear exchange between NATO and Russia, in which 150 Tg (150 million tonnes) of 
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soot is injected into the atmosphere. These freezing depth data are used to inform the type and 

magnitude of intervention required to prevent freezing of subterranean infrastructure. 

 

2.1. Pipe infrastructure 

The process to identify vulnerable subterranean water infrastructure is the same as that 

described fully in previous work [R]. Climate data from Coupe et al. [R], which simulate the 

global climate response to a 150 Tg soot injection from a Russia-NATO nuclear war, are used 

to compare soil freeze depths under a nuclear winter scenario with current freeze depths. In 

countries with sub-zero temperatures, water pipeline locations are estimated from satellite 

images showing nighttime light and artificial impervious surface areas, to estimate areas with 

subterranean infrastructure. Total vulnerable pipeline lengths are then calculated using two 

methods, the results of which are validated with case studies in regions with available data, as 

described in [20]: 

 

Method 1: Population data are collected from the LandScan global population raster [24]. 

Using the relationships described in [25], pipe length is calculated: 

Lpipe,i = 0.01 Popi
0.9 (1) 

 

where Lpipe,i and Popi are the pipe length [km] and total population, respectively, of region i. 

 

Method 2: Street network data are collected from OpenStreetMap [R]. Using the relationships 

described in [26], pipe length is calculated: 

Lpipe,i = 0.641 Lroad,i (2) 

 

where Lroad,i is the total road length in region i [km]. 
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2.2. Change in freezing depth 

A transient, two-dimensional heat transfer model is constructed in COMSOL Multiphysics 

(Version 6.1: https://www.comsol.com/release/6.1) to quantify the volume of soil required to 

achieve the same distance between the maximum depth of freeze (F) and the underground pipe 

as present pre-catastrophe. For example, if F is 0.5 meters above the underground infrastructure 

pre-catastrophe, the size of soil pile required to ensure F would still be 0.5 meters above the 

infrastructure in an ASRS is calculated. 

 

The 2-dimensional geometry is shown in Figure 1. This cut plane runs perpendicular to 

infrastructure such as a pipe, and the right-hand edge of the image is a plane of symmetry. The 

original ground surface is at the middle dashed line. The amount of soil excavated (“excavated 

volume”) is equivalent to the trapezoidal region below this line. This excavated volume is thus 

the same as the trapezoidal region above the middle dashed line on the right (“New volume” 

with height H; the pile will initially have greater volume but settle to height H). 
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Figure 1. Soil piling geometry, showing one half of the symmetrical pile above a pipe 

(perpendicular to pipe axis, with pipe center at image’s right-hand edge, which is a plane of 

symmetry). H is the height of the soil pile, W is the half-width of the soil pile, T is the width 

of the trough for sourcing soil, and S is the elevation of the freeze depth caused by the pile. 

Temperature scale is shown for reference, for a -10 °C ambient temperature. 

 

The following assumptions are made about the geometry of the excavation and the pile, and 

physical properties of the soil: 

1. Equal amounts of soil are excavated from both sides to minimize the depth of the 

excavated volume. In reality, the shape may depart from Figure 1 given constraints of 

soil availability, such as in cities, and utility of other infrastructure, such as roads. 

2. The pile is of a symmetric, trapezoidal shape with half-width of dimension W on the 

top. 

3. The volume of soil excavated is the same as the volume of soil added. 

4. The angle of repose of the pile corresponds to a 50% grade (2-to-1 ratio) of 26.56° from 

horizontal, as this angle is likely the maximum stable slope for unreinforced soil 

[27,28]. 

5. Average physical properties of the soil are: 2000 kg/m3, 800 J/kg⋅K, 1 W/m⋅°C, 30% 

porosity by volume, and 50% saturation of the pores with water (by volume). 

 

Assumptions 1-4 yield the geometric constraint W = H + T. That is, the half-width of the soil 

pile (W) is equal to the sum of the pile height (H) and trough width (T). The trough width T is 

set at 0.1 meters, recognizing this dimension will ideally be minimized but difficult to obtain 

zero. With these assumptions and constraints, the only unconstrained geometric parameter is 
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soil pile height H, which is defined through a transient freezing simulation. 

 

The freezing front (the 0 °C isotherm at the interface between frozen and unfrozen soil) 

progresses downward as temperatures decrease following an ASRS. The depth of frozen 

material at any time differs along the lateral width shown in Figure 1, due to the varying 

topography. At a suitable distance (the left side of Figure 1), the effects of the excavation and 

soil pile are negligible, yielding a one-dimensional (top-down only) freezing process. Thus, the 

freezing depth F (distance between the bottom two horizontal lines in Figure 1) represents the 

undisturbed freezing depth. If the original freezing front location is traced across the figure to 

the right, the dimension S represents how far the freezing front is displaced upward from its 

location without the soil pile. Thus, S represents the distance of “freeze protection”: the vertical 

displacement of the freezing front caused by the soil pile. In summary, a soil pile of height H 

results in the depth of freeze being moved upward a distance S from the depth F it would be 

without the soil pile. 

 

2.3. Earthmoving capacity 

Excavator machinery is classified as belonging to one of four categories to determine 

earthmoving capacity: small, medium, medium-large, and large [29]. Machines in each 

category are assumed to be equipped with the smallest bucket commonly used on machines of 

that size, as smaller buckets are more useful for excavating frozen ground because of the higher 

pressure they can exert while digging. 

 

In addition to excavator size, earthmoving capacity is affected by the following factors: 

● Frost depth: Increasing frost depth reduces the bucket filling factor, as frozen soil 

requires more force to break and can be packed less tightly than unfrozen soil. 
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● Cycle time: Cycle time represents the duration of one complete excavation cycle. 

Smaller machines typically have faster cycle times. 

● Operator skill, machine availability, and job efficiency: Total earthmoving capacity 

increases with increasing operator skill, machine availability, and job efficiency. 

● Bucket capacity: Larger buckets can move more soil per cycle but distribute excavator 

force over a greater area, so may be less effective at digging frozen ground. 

 

As operator skill, machine availability, and job efficiency all affect earthmoving capacity [29], 

the number of effective cycles per hour ε [hour-1] is assumed to be: 

ε = kskill kavailability kefficiency (60 / tcycle) (3) 

 

where tcycle is the cycle time [minutes], and kskill, kavailability, and kefficiency are unitless coefficients 

for operator skill, machine availability, and job efficiency, respectively. In these analyses, the 

coefficients are assumed to be kskill = 0.75, kavailability = 0.85, and kefficiency = 0.83, based on 

typical values from industry handbooks [29]. 

 

The total earthmoving capacity of a machine, Cearthmoving [m
3/hour], is calculated according to 

the cycles per hour and bucket capacity Cbucket [m
3]: 

Cearthmoving = ε Cbucket (4) 

 

Earthmoving productivity per machine, for machines of different sizes, is shown in Table 1. 
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Table 1. Earthmoving productivity for different machine sizes in varying frost depth 

conditions. 

Machine size Frost depth [m] tcycle ε [hour-1] Cbucket [m3] Cearthmoving [m3/hour] 

Small 

0 - 0.5 0.26  120 0.21  26  

0.5 - 1 0.28  110  0.20  22  

1+ 0.32  100  0.18  19  

Medium  

0 - 0.5 0.32  100  0.81 82  

0.5 - 1 0.36  89  0.77 68  

1+ 0.39  81  0.72 59  

Medium-Large 

0 - 0.5 0.42  77  1.4 100  

0.5 - 1 0.53  60  1.3 76  

1+ 0.57  56  1.2 68  

Large 

0 - 0.5 0.40  80  1.8 140  

0.5 - 1 0.51  63  1.7 110  

1+ 0.63  50  1.6 81  

 

Four scenarios for soil piling are modeled, with the following criteria for distributing 

excavators: (1) prioritizing pipes with the largest earthmoving requirements; (2) prioritizing 

areas of immediate concern (i.e., pipes which would freeze first, dynamically relocating 

excavators to location where freezing is next to occur); (3) evenly distributed by area; and (4) 

distribution by impacted pipeline length. A total of 2 million excavators are assumed to be 

available for pipe protection [30], with an average earthmoving capacity of Cearthmoving = 19 

m3/hour (conservatively assuming the minimum earthmoving rate). A delay of one month is 

assumed in all scenarios, to allow time for assessment of the catastrophe, planning, and the 

distribution of equipment, as in similar analyses [30]. To estimate the benefits of the protection 

measures under various scenarios, population impacts are assessed by overlaying the predicted 

pipe locations and freezing zones with the LandScan population raster [24]. Population counts 

are then summed by the model based on whether the underlying pipelines freeze before the 

protection measures can be implemented. 

 

2.4. Heat cable analysis 

Where protecting infrastructure with soil would require infeasible pile heights or affect other 



xii 

 

Classification: In-Confidence 

uses, such as where pipes are beneath critical roads, heat cables can be installed to actively heat 

pipes with resistive heating. The rate of heat transfer Q̇ [W/m] from an uninsulated 

subterranean pipe to the ground surface is calculated: 

Q̇pipe, uninsulated = fshape ksoil (Tsurf - Tpipe) (5) 

 

where ksoil is the thermal conductivity of the soil [Wm-1K-1], Tsurf is the ground surface 

temperature [K], in these calculations assumed to be the average in a severe ASRS of 

approximately -10 °C [23], Tpipe is the pipe temperature [K], assumed to be a minimum of 5 °C 

to avoid freezing, and fshape is the shape factor [dimensionless], defined: 

fshape = 2 π / ln(4 z / D) (6) 

 

where z is the burial depth [m], and D is the pipe diameter [m]. This formulation assumes the 

pipe is sufficiently long to treat the heat transfer as a two-dimensional problem in the radial 

and vertical directions [31]. 

 

With additional insulation between the heat cable and soil, the rate of heat transfer from the 

pipe to the ground surface becomes: 

Q̇pipe, insulated = U A (Tsurf - Tpipe) (7) 

 

where A is the surface area of the pipe [m2], and U is the overall heat transfer coefficient 

between the pipe and ground [Wm-2K-1]: 

U = [(r1/kins)ln(re/r1) + (r1/ksoil)ln(2z/re)]
-1 (8) 

 

where r1 is the pipe radius [m], kins is the thermal conductivity of the insulation [Wm-1K-1], and 

re is the outside radius of insulation [m]. 
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Where a unit length of heat cable is insufficient to heat a unit length of pipe, heat cable can be 

wrapped around the pipe to increase the total heat provided, such as by wrapping the pipe on 

an angle, rather than applying the heat cable in a straight line along one side of the pipe. For a 

pipe with known heat loss and a heat cable which can provide heat of Pcable per unit length of 

cable [W], the wrap factor fwrap, denoting the length of heat cable required per unit length of 

pipe, is calculated: 

fwrap = (Q̇pipe / L) / Pcable (9) 

 

With the wrap factor calculated for an insulated or uninsulated pipe, the length of heat cable 

required to prevent pipe freezing is calculated. Input parameters for heat cable analysis are 

shown in Table 2. Insulation is assumed to be provided by extruded polystyrene (XPS) foam, 

due to its ubiquity, high thermal insulation, and ability to withstand the pressure caused by soil 

above it. 

 

Table 2. Input parameters for analysis of representative heat cable. 

Parameter Value Source 

Diameter of pipe D 0.2 m  

Distance from ground to pipe Z 1 m  

Shape factor fshape 2.1  

Temperature difference ΔT 15 ℃ [1] 

Required electrical power per meter 9.84 W [32] 

Heat cable cost per meter 23.4 USD [32] 

Maximum cable circuit length 219 m [32] 

XPS foam price (average per square meter) 4.23 USD / cm  [33,34] 

 

3. Results 

Peak freezing depths in the ASRS are shown in Figure 2, with 86 countries expected to 

experience freezing of subterranean infrastructure without intervention. Note the model only 

calculates depths up to 35 m, and high latitude areas experiencing no increase in freezing depth 

are already under permafrost. Total global length of vulnerable subterranean pipelines is 
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calculated to be 5.4 million km using Method 1, and 8.8 million km using Method 2. To provide 

conservative results and reflect the better performance of Method 2 in validation case studies 

[20], the total global length of vulnerable pipes is assumed to be 8.8 million km. 

 

 
Figure 2. Map showing peak difference in freezing depth, which occurs 3 years after the 

onset of ASRS. 

 

3.1. Soil piling 

Required soil height (H) for combinations of freeze protection and change in freeze depth F 

are shown in Figure 3. For example, if F increases from 2 to 5 meters, a freeze protection of S 

= 5 - 2 = 3 meters is required. The required soil pile height H for such a scenario (~3.4 m) is 

thus shown at the location (F=5, S=2). 
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Figure 3. Soil pile height (H) required for combinations of freeze depth (F) and freeze 

protection (S). 

 

The required pile height H, averaged over their at-risk pipe lengths, for countries with the 

largest requirements are shown in Figure 4. The highest average pile heights are in Mongolia, 

North Korea, and Kazakhstan, with required pile heights of 14.0, 5.2, and 5.1 meters, 

respectively. The required average pile height in all but six countries is below four meters. 
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Figure 4. Average required pile height (H) for the 20 countries with the largest earthmoving 

requirements. 

 

3.2. Heat cable 

Without insulation, a heat cable wrap factor fwrap of 2.9 is required to maintain pipe temperature 

above freezing, with a heat loss rate Q̇pipe,uninsulated of 28.6 W per meter of pipe. The addition of 

insulation reduces heat loss and required wrap factor, as shown in Table 3. 
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Table 3. Impact of insulation thickness on heat loss and required heat cable length, per meter 

of pipe, for three insulation thicknesses. Note soil thermal resistance decreases with 

increasing insulation thickness, to account for the soil displaced by insulation. 

 Insulation 1 cm Insulation 3 cm Insulation 8 cm 

Insulation outside radius re [m] 0.11 0.13 0.18 

Thermal resistance of the insulation layer 

Rins [m
2 K W-1] 

0.35 0.67 1.67 

Thermal resistance of the soil Rsoil [m
2 K 

W-1] 

0.32 0.3 0.27 

Overall heat transfer coefficient U [W m-2 

K-1] 

1.5 1.0 0.52 

Heat loss area A [m2/m] 0.71 0.79 1.11 

Heat loss Q̇pipe [W/m] 16 12 8.6 

Cable power per meter [W/m] 9.9 9.9 9.9 

Required wrap factor 1.6 1.2 0.9 

 

With a maximum cable circuit length of 219 m and power of 9.8 W/m [32], one circuit of heat 

cable can produce 2.2 kW of heat. At a mains electricity service capacity of 100 A and 240 V, 

one house can provide 24 kW of power. With a typical peak electricity load in developed 

countries of 2-15 kW [35,36], which can be further reduced by managing demand [37,38], 9-

22 kW could be provided by a typical house. However, even in relatively low density suburban 

areas with 0.2 hectare plots, the pipe length required to be protected per house would be under 

30 m. Thus, heat cable electricity requirements are expected to be met with existing electricity 

infrastructure in populated areas, which are the areas in which soil piling is most likely to be 

impractical. If operated continuously, each heat cable circuit’s 2.2 kW power demand would 

require 52 kWh per day. At an average cost of 0.14 USD / kWh [32], heating each run of heat 

cable would cost 7.25 USD per day (2600 USD/year). 

 

Heat loss, required wrap factor, and costs per meter for insulated and uninsulated pipes are 

shown in Figure 5. Total cost increases with decreasing insulation, with a total cost of 101 USD 

per meter of pipe for the uninsulated scenario. 
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Figure 5. Heat cable costs for varying insulation levels. 

 

3.3. Scalability 

The success of subterranean infrastructure protection in an ASRS will depend on the ability of 

the proposed solutions to be rapidly deployed before infrastructure is damaged by freezing 

temperatures. This section provides estimates for the scalability of these solutions. 

 

3.3.1. Earthmoving 

Time until maximum protection is achieved varies from 113 to 141 days, as shown in Figure 

6. Scenario 2 has the slowest time to achieve maximum required protection but leaves the least 

damaged pipes, as shown in Table 4. Scenario 2 shows a more variable slope than others, due 

to the daily relocation of excavators based on predicted freezing depths. This reactive approach 

helps prevent more pipe damage by quickly addressing emerging risks, but it’s also less 

efficient because resources are constantly being moved. In contrast, the other scenarios focus 

on completing work in one area before moving on, resulting in smoother trends. Scenario 4 

was developed as a compromise—targeting areas with higher pipeline density rather than 

regions with severe freezing but few pipes, such as parts of Russia and Mongolia. 
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Figure 6. Global length of unprotected pipes over time, following onset of ASRS. 

 

3.3.2. Impacted population reduction 

The estimate for the impacted population without any protection measures stood at 

approximately 2 billion individuals. As seen in Table 4, with the earthmoving protection 

measure implemented, this impacted population count could be reduced to 161 million (~92% 

decrease). 

 

Table 4. Time for pipe protection, final length of damaged pipelines, and remaining impacted 

population for earthmoving Scenarios 1-4. 

Scenario 

Time until maximum required 

protection completed [days] 

Final damaged pipeline 

length [km] 

Remaining Impacted 

Population 

1 99 0.79 million 314 million 

2 122 0.48 million 161 million 

3 99 0.76 million 327 million 

4 97 0.55 million 230 million 

 

3.3.3. Heat cable 

The global heat cable market is dominated by cables with metal contacts embedded in a plastic 
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composite [39] and was valued at 1.5 billion USD in 2023 [40], with 18 major suppliers each 

producing around 100 km of heat cables per month. Thus, the global heat cable production 

capacity is approximately 2,000 km per month, or 48,000 km over two years. With wrap factors 

of 0.9, 1.2, and 2.9 for 8 cm, 3 cm, and 1 cm of insulation, global heat cable production is 

expected to be sufficient to protect 0.66%, 0.50%, or 0.20%, respectively, of the 8 million km 

of vulnerable subterranean pipes over the two years before freezing depths reach their 

maximum depths following an ASRS. 

 

3.3.4. Insulation 

With an annual production capacity of 16.8 million tonnes of polystyrene [41] and assuming 

10% production losses, annual production capacity of XPS is expected to be 15.1 million 

tonnes. Polystyrene is expanded during the foaming process to achieve a target density of 35 

kg/m2 [42], yielding a total volume of 430 million m3. For an insulation thickness of 8 cm 

(Table 3), total required area of XPS board is 5.4 billion m2. With an average pipeline diameter 

of 0.2 m and a wrap factor of 1.1, 4.8 billion m2 of pipe surface area could be covered, for a 

total distance of 7.8 million km. Thus, insulation production capacity is expected to far exceed 

heat cable production capacity, so insulation is not expected to be a limiting factor in pipe 

protection scalability. 

 

4. Discussion 

In an extreme ASRS, such as that occurring from a 150 Tg soot injection caused by a nuclear 

exchange between NATO and Russia, 5.4-8.8 million km of global subterranean water 

infrastructure is expected to be at risk of freezing. Piling soil on top of at-risk pipes is expected 

to be sufficient to protect 94% of these pipes. Soil piling is unlikely to be practical for protecting 

all pipes, as some may require unreasonably large piles or be in locations in which any soil pile 
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would be impractical. Excavating pipes, installing heat cables, and back-filling soil could 

prevent water pipes from freezing without compromising above-ground utility. Global heat 

cable production is expected to be sufficient to protect approximately 0.66% of vulnerable 

subterranean water pipes over the two years during which freezing depths will be greatest 

following an ASRS. Thus, heat cables should be reserved for protecting critical pipes unable 

to be protected by soil piles, such as those beneath critical roads. 

 

In urban and suburban areas, many subterranean water pipes are located beneath roads [43]. 

Piling soil above these pipes would thus reduce (and, in many cases, completely eliminate) the 

roads’ utility. Thus, trade-offs are expected to arise between transport/accessibility and 

subterranean infrastructure protection in an ASRS. While heat cables are expected to provide 

protection for some pipes without compromising accessibility, their limited supply means the 

vast majority of pipe protection will require soil piling, reducing accessibility. However, in 

most cities, redundancies exist in both road [44] and water networks [45,46]; i.e., there usually 

exists more than one route between two locations in a city, both for water and for road vehicles. 

As such, some roads can be closed, and some water pipes allowed to freeze, without 

compromising access to transport or water. While trade-offs would be required at the ends of 

road and water networks, where most houses are served by a single road and water pipe, use of 

network redundancies is expected to limit utility losses. Plans for subterranean infrastructure 

protection should thus make full use of these infrastructural redundancies to minimize the 

amount of unnecessary work and maximize the utility of existing infrastructure. 

 

Global temperatures would decrease rapidly in an ASRS [1], with some pipes expected to 

freeze within one month of the onset of an ASRS [20]. Thus, the protection of subterranean 

infrastructure is time-sensitive, as any delays may lead to pipe freezing, which would be far 
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more resource-intensive to reverse than prevent. As such, governments and local councils 

should preemptively develop plans to prevent freezing of subterranean infrastructure in an 

ASRS. Such plans should detail both operational aspects, such as the location of underground 

pipes and their expected requirements for protection, and procurement, such as of earthmoving 

equipment and any required heat cables, which are likely to require international cooperation. 

To increase the likelihood of international cooperation in a catastrophe, governments should 

also seek to strengthen international ties and to collectively develop international response 

plans for global catastrophic events, such as an ASRS. 

 

4.1. Limitations and future work 

In this work, soil properties around the world are assumed to be the same. While the thermal 

and mechanical properties of soil can vary both intra- and inter- regionally [47,48], accounting 

for these variations would considerably increase both computational and data requirements. As 

this work aims to provide an overview of the feasibility of different infrastructure protection 

methods, such variations are outside the scope of this paper. Thus, the results presented in this 

work should be considered representative of what may be feasible in a severe ASRS, and 

further research could assess the effects of variation in soil properties on the regional feasibility 

of these methods. 

 

The total length of subterranean pipes around the world is uncertain, as complete data are 

unavailable. In this work, pipe lengths in regions vulnerable to freezing in an ASRS are 

calculated from proxies, such as nighttime light and artificial impervious surfaces to 

approximate areas likely served by underground pipelines, and correlations between 

subterranean water pipe lengths and population or above-ground infrastructure. While these 

estimates and correlations have been validated where reputable data are available, they may 
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not accurately represent the diversity of water network lengths in at-risk areas. Future work to 

minimize these uncertainties could conduct field measurements of subterranean water 

infrastructure and/or investigate more robust correlations with easier-to-measure variables. 

 

Calculations of earthmoving capacity in this work assume the availability of 2 million 

excavators, with an average capacity of Cearthmoving = 19 m3/hour. This average earthmoving 

capacity is equal to small excavators in the toughest ground conditions, so real capacities may 

be greater. However, while the total number of excavators is based on previous research on 

excavator availability in an ASRS [R], this value does not account for competition from other 

sectors with earthmoving requirements, such as agriculture. Thus, future work could assess the 

competing needs of various post-catastrophe interventions to determine optimal equipment 

distributions. 

 

This work models the impacts of an ASRS caused by an injection of 150 Tg soot from a nuclear 

exchange between NATO and Russia. Direct infrastructure damage is likely to occur during 

such a nuclear exchange, which could affect the amount of infrastructure requiring protection 

and the amount of equipment available to protect remaining infrastructure. However, including 

these effects in this work would require additional assumptions and limit the generalisability 

of results, especially when comparing the effects of ASRSs caused by other events, such as a 

supervolcanic eruption or asteroid/comet impact. Thus, the direct effects on infrastructure from 

the event causing an ASRS (in this case, a nuclear war) are not included in this work. Future 

work could quantify the impacts of this assumption by comparing scenarios with and without 

direct infrastructure damage. 

 

These analyses assume international cooperation in infrastructure protection efforts, such as 
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supply of heat cables and the provision of earthmoving equipment where it is required. In 

reality, efforts to protect subterranean infrastructure following an ASRS may be hindered by 

limitations on international cooperation, particularly if the ASRS is caused by an act of 

international aggression, such as a nuclear war. However, to retain generalisability, the effects 

of sanctions or other trade restrictions are not included in these analyses. Thus, these results 

implicitly show the importance of international cooperation in a catastrophe, as limitations on 

this cooperation could hinder the abilities of all countries to respond to such events. 

 

Future research could investigate the effects of other methods for preventing freezing of 

subterranean water infrastructure, such as piling snow, installing electric resistance heaters 

inside vulnerable pipes, and different water heating schemes. The effects of an ASRS on other 

subterranean infrastructure, such as foundations for buildings, energy networks, and cellphone 

towers, could also be analyzed. Additionally, future work could assess the potential to rapidly 

increase heat tape production, such as by repurposing existing factories or investing in small-

scale production. 

 

5. Conclusions 

A severe abrupt sunlight reduction scenario (ASRS), such as that resulting from a large-scale 

nuclear exchange between NATO and Russia, is expected to leave 5.4-8.8 million km of global 

subterranean water pipelines vulnerable to freezing. Piling soils above vulnerable pipes is 

expected to take between 113-141 days to protect as many pipes as possible, leaving 0.32-0.64 

million km damaged, depending on the strategy for pipe prioritization. In areas where soil 

piling is impractical, heat cables offer a viable alternative for critical pipes, particularly those 

beneath critical roads, but are expected to be capable of protecting only 0.66% of vulnerable 

pipes. These results highlight the importance of preemptive planning and international 
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cooperation to protect subterranean infrastructure in an ASRS. Governments and local councils 

should develop detailed response plans, including operational aspects and procurement 

strategies for earthmoving equipment and heat cables. The use of infrastructural redundancies 

in urban and suburban areas could help to mitigate impacts on transport and water networks. 

Future research could improve quantification of the extent of subterranean infrastructure, 

analyze the effects of direct infrastructure damage from the ASRS-causing event, assess the 

impacts of an ASRS on, and protection methods for, other underground and above ground 

infrastructure, and investigate alternative methods for preventing pipe freezing. 
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