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Electric power distribution systems that link the bulk power grid (generation and transmission systems) to customers are the leading cause of power outages due to their vulnerability to extreme wind events, especially hurricanes. The strength of the wood poles that typically support the distribution lines also deteriorate over time. The vulnerability of the poles is expected to increase due to the potential impact of climate change on both hurricane hazard and wood decay rate. As such, an effective maintenance planning method is required for the vast number of poles supporting distribution lines. This paper presents a framework to optimize the maintenance of a network of wood utility poles. Corrective replacement due to failure caused by hurricanes and preventive replacement due to excessive decay are considered. The objective is to find the optimal inspection interval for the preventive replacement to minimize the long-term maintenance cost. To solve the optimization problem, the decay of the poles is modeled as a stationary gamma process. The impact of climate change on the rate of pole failure and replacement is also investigated. Two locations are considered as case studies: Miami, Florida, and New York City, New York. The period from 2010 to 2099 is considered for the study. The results of the case study show that the optimal inspection/replacement cycle determined using the developed framework results in lower total maintenance costs compared to current typical utility practice. Based on the inspection and replacement costs used in the study, the results show that adopting a periodic preventive maintenance policy decreases the failure rate of the poles but increases the total maintenance cost. However, only the cost of replacing the poles is considered here. Other considerations, such as indirect costs due to power outages and the impact of pole failure on system reliability, can render the adoption of a preventive replacement policy cost-effective. The results also show that climate change can increase the total maintenance cost. Based on current typical utility maintenance practice, climate change can increase the total maintenance cost by up to 8% in Miami and 6% in NYC, depending on the emission scenario considered.
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INTRODUCTION

Electric power systems are the backbone of the complex network of infrastructure systems that support modern societies. Most civil infrastructure systems such as water and wastewater systems, transportation systems, gas supply networks, and communications systems cannot function properly without reliable power supply. Electric power systems are subdivided into generation, transmission, and distribution subsystems. The transmission system transport bulk power through high voltage conductors supported by steel lattice towers, H-frame towers, or single poles, which can be wood, steel, or concrete. The distribution system is the downstream part of the system that transports power to the customers. It is usually composed of low voltage conductors supported by single-pole structures. The majority of the poles supporting distribution systems in the U.S. and other countries are wood poles (Mankowski et al., 2002; Nguyen et al., 2004). For example, there are between 160 and 180 million wood poles in the U.S. worth billions of dollars (Mankowski et al., 2002). Similarly, around 5 million of the estimated 7 million utility poles in Australia are wood poles with a net worth of over $10 billion (Yeates and Crews, 2000; Nguyen et al., 2004). Wood poles are preferred over other materials because they are relatively cheaper to purchase, lighter and easier to transport, and are easy to climb and are non-conductive, which makes them safer for utility workers (Mankowski et al., 2002).

Wood poles are susceptible to decay over time, which leads to a decrease in strength. As such, utility companies carry out periodic maintenance on poles and replace poles with significant decay. The decay of wood poles depends on material properties, soil properties, and local climatic conditions. The main climate parameters that affect the decay of wood are humidity and temperature (Wang and Wang, 2012; Bastidas-Arteaga et al., 2015; Teodorescu et al., 2017). The exposure of wood poles to a humid environment increases the moisture content of the wood. The increase in the moisture content of wood above the fiber saturation point will provide a viable environment for the establishment of a fungal mycelial mat and further fungal growth (Viitanen and Ritschkoff, 1991). Moisture content above the fiber saturation point results in the availability of free water in the wood, which is easily accessible to the fungi and leads to rapid decay (Wang and Wang, 2012). The growth of decay fungi is also significantly affected by air and wood temperature. Generally, a temperature in the range of 5° to 65°C is considered favorable for fungal growth (Brischke and Rapp, 2008; Wang and Wang, 2012). It is, therefore, clear that the long-term performance of wood poles will be affected by any potential future climate variations.

The fifth assessment report of the intergovernmental panel on climate change (IPCC) reported that the atmospheric concentration of CO2 in 2011 exceeded the pre-industrial level by about 40% and also noted that almost the entire globe had experienced surface warming between 1901 and 2012 (IPCC, 2013). The IPCC also noted an increase in air specific humidity since the 1970s, which has abated in recent years (IPCC, 2013). However, local variations exist in the trend of both temperature and humidity changes. For example, De Larrard et al. (2014) considered the yearly changes in temperature and relative humidity (RH) for the cities of Nantes, Paris, Strasbourg, Clermont-Ferrand, Toulouse and Marseille (France) under three carbon-emission scenarios. They noted that all the emission scenarios considered resulted in an increase in temperature and a decrease in RH between 2001 and 2100 and that the impact is very different depending on the location. Peng and Stewart (2014) used six general circulation models (GCMs) to predict changes in temperature and RH for Sydney (Australia) and Kunming (China) based on two carbon emission scenarios. They found that while the six models projected temperatures to increase, relative humidity remained largely unchanged between 2010 and 2100 in both cities.

The decay of wood poles can significantly impact their ability to resist weather-related loads, such as hurricane winds. Hurricanes can cause extensive damage to power distribution systems, and recent hurricanes have demonstrated that the build and rebuild approach used by many utility companies is not viable. For example, Hurricane Rita (2005) led to the failure of over 10,000 distribution poles in Texas costing utilities over $400 million (Quanta-Technology, 2009). Similarly, over 15,000 distribution poles were damaged by Hurricane Ike in 2008 in Texas (Quanta-Technology, 2009). Elsewhere, Hurricane Andrew damaged more than 10% of all exposed distribution poles in Florida in 1999. While current design guidelines require wood poles to be designed to resist a certain level of hurricane wind, the time-dependent decrease in strength due to decay is usually not considered in the design. As such, a risk mitigation strategy for hurricane-related damages that consider the impact of decay is needed.

Future hurricane pattern is expected to be affected by climate change. The IPCC projected that the intensity of storms is expected to rise in the coming years (IPCC, 2013). Bender et al. (2010) reported that the frequency of the most intense hurricanes (Categories 3–5) is expected to increase through the year 2100. Mudd et al. (2014a) modeled the impact of variation of sea surface temperature on hurricane patterns and concluded that the maximum wind speed associated with Atlantic hurricanes is expected to increase if a high carbon emission scenario is assumed. The U.S. Department of Energy reported that the physical damage to transmission and distribution systems might increase due to more intense and frequent storms (USDOE, 2013).

With climate change expected to affect both the long-term durability of wood poles and hurricane patterns, it is imperative to incorporate it in a comprehensive asset management strategy for the vast network of wood poles in the U.S. and other countries. However, existing research mainly focuses on the impact of climate change on hurricane hazard. Bjarnadottir et al. (2013) studied the potential impact of climate change on hurricane risk of wood poles. Salman and Li (2016b) studied the cost-effectiveness of using stronger wood poles to adapt to climate change. Recently, Bjarnadottir et al. (2018) and Ryan and Stewart (2017) studied the cost-effectiveness of various climate change adaptation strategies for wood power poles. However, the above studies did not provide a framework to optimize the management of a network of wood poles. Gustavsen et al. (2002) and Gustavsen and Rolfseng (2000) developed a method for simulating wood pole replacement. Optimization of the replacement considering both corrective and preventive maintenance was, however, not considered. Salman et al. (2017) developed a multi-objective maintenance optimization framework for power distribution systems considering system performance, maintenance cost, and service life of poles as objectives. Periodic chemical treatment and repair of poles using fiber reinforced polymer were considered. Preventive replacement of poles in a large network based on an inspection cycle was, however, not considered. In addition, a comprehensive consideration of climate change is not incorporated. Recently, Tran et al. (2020) proposed a framework for optimizing spatial inspections of timber beams subjected to decay. This framework is useful for reliability updating based on partial observation. However, they do not consider the effects of climate change on timber durability. Unlike common structures such as buildings and bridges, wood poles in a network are typically constantly replaced once they fail, or their strength falls below a certain threshold.

This paper aims to (i) develop a framework for optimal replacement of wood poles in a large network considering decay and hurricane hazard, (ii) investigate the impact of climate change on pole decay rate and the rate of pole failure and replacement due to both preventive replacement as a result of excessive decay and corrective replacement as a result of failure caused by hurricane winds, (iii) investigate the impact of climate change on the optimal inspection cycle. Two coastal locations are considered to investigate the variation of the results for different geographical (and climate) conditions: Miami, Florida, and New York City, New York. Considering the vast number of wood poles used in the utility industry, the proposed strategy can result in considerable cost savings and reduction in power outage events during hurricanes.



WOOD DECAY MODEL


Model Description

As a natural material, wood is susceptible to decay over time due to fungal attack. The rate of decay is site- and material-specific and affected by factors such as wood specie, climatic conditions (temperature, rainfall, humidity), soil properties, initial preservative treatment, and nature of the fungal attack. As such, decay models are based on in-field or in-lab measures and report results for specific wood species and locations (Brischke and Rapp, 2008). Decay models developed for above-ground conditions include Leicester et al. (2009), Viitanen et al. (2010), and Isaksson et al. (2013). Decay models for wood in ground contact are relatively rare. Wang et al. (2008) developed a decay model for wood in ground contact using in-field data from 77 commonly used commercial Australian timber species buried at five test sites in eastern and southern Australia over a 35-year period. This model has been adopted in this research. The rate of fungal decay is given by Equation (1) (Wang et al., 2008; Wang and Wang, 2012).
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where r is the decay rate (mm/year), kw is an empirical parameter based on wood durability class, kc is a climate parameter, f(R) is a climate function considering the effect of rainfall and number of dry months given by Equation (2), and g(T) is a climate function considering the effect of temperature given by Equation (3).
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where R is the mean annual rainfall (mm/year), Ndm is the number of dry months per year (months with R < 5 mm), and T is the mean annual temperature (°C). More details of the model can be found in Wang et al. (2008).



Impact of Climate Change on Decay Rate

Modeling future climate change requires the consideration of a long timescale and constantly changing boundary conditions (atmospheric composition, land use, and configuration of earth's orbit) (Edwards, 2013). The changing boundary conditions lead to a variation in radiative forcing, which is defined as the “change in the balance between incoming and outgoing radiation caused by changes in greenhouse gas concentrations and other atmospheric constituents, while other aspects of the atmosphere are held constant” (ASCE, 2015). Anthropogenic (man-made) forcing depends on several factors such as policies taken to reduce greenhouse gas emission, population growth, economic development, technological advancements, and geoengineering measures. These factors introduce uncertainty in predicting future anthropogenic forcing levels. As such, the impact of future human driving factors of climate is usually modeled using a scenario approach.

The IPCC Fifth Assessment Report (AR5) replaced the SRES scenarios with four representative concentration pathways (RCPs) (IPCC, 2013). The RCPs (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) are differentiated by the approximate total radiative forcing at the end of the twenty-first century relative to the year 1750. For example, RCP8.5 represents a scenario where the radiative forcing at the end of the twenty-first century is 8.5 W m−2. RCP 8.5, RCP 6.0, and RCP 4.5 are roughly equivalent to A1FI, A1B, and A1B–B1 emission scenarios, respectively (Inman, 2011). These RCPs include a mitigation scenario leading to a low forcing level (RCP 2.6), two medium stabilization scenarios (RCP 4.5/RCP 6), and one high baseline emission scenario (RCP 8.5) (Moss et al., 2010). This study covers RCP 8.5 and RCP 4.5 scenarios representing high and medium emission scenarios, respectively, as well as a scenario without considering climate change. Note that a recent study shows that current emissions are tracking slightly above RCP 8.5 (Peters et al., 2013). It is, therefore, increasingly likely that “business as usual” CO2 concentrations will reach 1,000 ppm by the end of this century.

The economic assessment of adaptation measures is widely influenced by time-dependent changes in environmental parameters [temperature, precipitation, relative humidity (RH)] that are site-specific. This work focuses on wood pole asset management considering the impact of climate change in two locations in the U.S.: Miami and New York City. These cities correspond to different types of climate. Miami is in the hurricane-prone south-eastern part of the U.S. with potential hurricane strikes from both the Atlantic and the Gulf coast. It has a tropical monsoon climate with hot and humid summers and short and warm winters. New York City (NYC) is in the north-eastern part of the U.S. with low hurricane risk relative to Miami. It has a humid subtropical climate, with cold winters and hot, moist summers.

The overall impact of climate change on the future weather of the selected locations is estimated using data from the Coupled Model Intercomparison Project phase 5 (CMIP5) multi-model ensemble (Maurer et al., 2007). CMIP5 provides precipitation and temperature data statistically downscaled to finer resolutions using the monthly bias-correction and spatial disaggregation (BCSD) method. Downscaled data from several GCMs are provided by CMIP5. Also, some of the GCMs have outputs from more than one run. 71 and 70 outputs are available for RCP 4.5 and RCP 8.5, respectively. As such, uncertainties in the outputs can be considered. To account for uncertainty, normal distribution is fitted to the data for each year to be used in a Monte Carlo simulation in subsequent sections.

Figures 1, 2 present the yearly projections of precipitation and temperature for Miami and New York City for the selected climate change scenarios (RCP 4.5 and RCP 8.5) since 2005. The effect of climate change on the decay rate is illustrated in Figure 3 using the median values of precipitation and temperature shown in Figures 1, 2. Before 2005, it is noted that the decay rate fluctuates around the mean values of 0.64 mm/yr for Miami and 0.42 mm/yr for NYC. The fluctuations are mainly related to intrinsic weather variability. The mean value is higher for Miami because the weather is hotter and more humid than NYC. Note that according to the American Wood Protection Association (AWPA, 2014) wood decay zones classification, Miami is in decay zone 5 (severe) while NYC is in decay zone 3 (intermediate). After 2005, there is an increase of the decay rate up to ~9% in Miami and up to ~17% in NYC for the high emission scenario. The higher increase in the decay rate in NYC relative to Miami can be attributed to an increase in precipitation, as discussed earlier.


[image: Figure 1]
FIGURE 1. Projected 10 percentile, median, and 90 percentile values of precipitation and temperature for Miami.
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FIGURE 2. Projected 10 percentile, median, and 90 percentile values of precipitation and temperature for NYC.
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FIGURE 3. Impact of climate change on the decay rate (based on medians).





HURRICANE HAZARD ANALYSIS


Hurricane Simulation

To model hurricane hazard, the hurricane simulation model developed by Xu and Brown (2008a) and also discussed in detail in Salman and Li (2016b) is adopted for use in this paper. The required parameters for the hurricane simulation in Florida are taken from Huang et al. (2001) and Xu and Brown (2008a). The parameters for NYC are found by fitting probability distributions to histograms of the parameters from Lin et al. (2010). The radial wind field model developed by Holland (1980) is used to calculate the gradient wind speed at locations of interest. The gradient wind speed is converted to a surface and then 3-s gust wind speed using factors of 0.8 and 1.287, respectively (Xu and Brown, 2008a; Vickery et al., 2009). The rise in central pressure (which results in weakening of intensity) of the hurricane after landfall is modeled using the approach developed by Vickery and Twisdale (1995). Wind speed decay after landfall due to friction and reduction in storm's moisture for Florida and New York are accounted for using the models developed by Kaplan and DeMaria (1995) and Kaplan and DeMaria (2001), respectively. Lastly, the radius to maximum wind is modeled using the equation from FEMA (2011). The simulation is carried out for 200,000 hurricane seasons. More details of the simulation model can be found in Salman and Li (2016b) and Salman and Li (2018).



Impact of Climate Change on Hurricane Hazard

Modeling the impact of climate change within the hurricane simulation model described above involve modifying the frequency and intensity parameters within the simulation. The impact of climate change on the frequency and intensity of future hurricanes has been a subject of much discussion. Some studies [e.g., Liu (2014)] have attempted to predict future hurricane activity based on the extrapolation of historical records. However, such an approach is constraint by the availability and quality of historical records and uncertain quantification of the natural variability in climate factors (IPCC, 2013). Hurricane formation and power dissipation depend on several climatic factors such as sea surface temperature (SST), North Atlantic Oscillation, Southern Oscillation, “El Nino” effect, vertical wind shear, atmospheric stability, and other factors (Ranson et al., 2014; Cui and Caracoglia, 2016). As such, variability in hurricane activity is a complex convolution of natural and anthropogenic factors. Studies that modeled the impact of climate change on hurricane activity using a physics-based approach mainly focused on the link between SST and hurricane formation (Mann and Emanuel, 2006; Mann et al., 2007; Elsner et al., 2008).

Since the relation between anthropogenic forcing and hurricane activities is not well-understood, there is no unified method of modeling climate change impact on hurricanes, and there is no consensus in the published literature on even the direction of the change. Table 1 summarized some of the reported changes in hurricane frequency and intensity in the literature. Note that the emission trajectory in A2 is similar to RCP 8.5, while RCP 4.5 is roughly between A1B–B1 (Inman, 2011). It can be seen from Table 1 that the range of reported change in the frequency and intensity of hurricanes due to climate change is large. Also, while some reported a potential increase in frequency, others reported a decrease. Most studies, however, reported an increase in intensity. The range of change in frequency and intensity under RCP 8.5 (and A2) in Table 1 are −25 to +55% and 0–25%, respectively. The corresponding values for frequency and intensity for RCP 4.5 (and A1B) are −62 to +58% and −10 to +12%, respectively.


Table 1. Summary of research on the impact of climate change on hurricane frequency and intensity (only research that provides numerical values under specific emission scenarios are reported).

[image: Table 1]

Based on the range of changes in frequency and intensity, the following scenarios are assumed at the end of the twenty-first century mostly following Mudd et al. (2014b) and Cui and Caracoglia (Cui and Caracoglia, 2016): (i) RCP 4.5 will result in no change in frequency and +12% change in intensity; and (ii) RCP 8.5 will result in +25% change in both frequency and intensity. While considerable inter- and intra-decadal variation in frequency and intensity of hurricanes exists, it is assumed here that the change in both frequency and intensity is linear from the start of the analysis, which is assumed to be 2010 in this case, to the end of the twenty-first century as suggested in Stewart et al. (2014) and Bastidas-Arteaga and Stewart (2015).




OPTIMAL REPLACEMENT MODEL


Inspection of Poles

The National Electrical Safety Code (NESC) requires utility companies to regularly inspect and maintain the poles supporting power lines (NESC, 2017). The NESC also requires utilities to replace or reinforce poles whose strength falls below two-third of the initial strength due to decay. To comply with the NESC requirement, utilities typically carry out periodic inspections to identify poles that need maintenance. Considering the vast number of poles in distribution systems, it is neither practical nor economically feasible to frequently inspect all the poles in a system. Utility companies typically inspect a small percentage of the poles in their network every year. The number of years it takes to finish inspecting all the poles and start over is the length of the inspection cycle. For example, Florida Power & Light inspects 1/8 of its pole population every year as part of an 8-year pole inspection cycle plan. In a survey of 261 North American utilities, Mankowski et al. (2002) reported that the average inspection cycle for distribution poles is about 8 years. In the survey, utilities reported using a combination of inspection methods that include visual inspection, sounding with a hammer, boring with a drill, and the use of sonic devices. Similarly, Morrell (2008) studied the practices of US utilities and stated that most of the utilities inspect their poles on a 10-year cycle. In recent years, pole inspections are typically carried out using a mobile computing technology to record information such as pole class, species, ground-line circumference, year of manufacture, ID number, coordinate, span length, attachment heights, wire sizes, and data on condition assessment such as decay depth and chemical treatment.

Pole replacement can occur due to two reasons: (i) replacement due to damage by hurricane winds (corrective maintenance); and (ii) replacement due to excessive decay (preventive maintenance). In this research, the poles are assumed to be non-repairable components, i.e., failed or decayed poles are replaced with new ones. Because poles are constantly being replaced due to preventive and corrective maintenance, the age distribution of the poles in a network varies with time, and the poles can be divided into age groups.



Corrective Maintenance Model

The probability that a pole will be replaced due to hurricane winds in a given year is given by Equation (4).
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where FR(v, t) is the time-dependent cumulative distribution function (CDF) of pole fragility and fv(v, t) is the time-dependent probability density function (PDF) of the annual maximum hurricane wind speed modeled by a Weibull distribution as discussed in section Hurricane hazard analysis. The expected number of poles that will be replaced (fail) annually due to hurricane winds for each age group is determined by multiplying the annual probability of failure with the total number of poles in the age group.



Preventive Replacement Model

Many maintenance models have been proposed in the literature and adopted in practice. These models can be generally grouped into two different approaches (Sánchez-Silva et al., 2016). The first group is the classic maintenance models that are based on only the observation of failure times or rates. In classic models, the actual deterioration mechanism is not explicitly considered. Rather, data on past failures of a component are used to determine its failure rate, which can then be used for maintenance optimization. Examples of classic models include models based on the renewal process (e.g., age and block replacement models). The second group is condition-based maintenance (CBM) models that account for the condition of the component or system at the time of the maintenance action. As such, these models require periodic or continuous inspection/condition monitoring. In these models, the rate of deterioration is typically modeled as a time-dependent stochastic process to account for uncertainties.

In this paper, two maintenance models are considered and compared.


Model 1: Replacement Based on Existing Inspection Cycle

In this model, poles whose strength falls below a certain threshold are identified and replaced during inspection. The inspection cycle is assumed to be 8 years long, based on the discussion in section Inspection of Poles. Note that in this case, deterioration is modeled using the empirical decay model presented earlier. As such, the inspection cycle here only indicates the points at which poles are replaced. The probability that a pole will be replaced due to maintenance is given by Equation (5), which is the probability that the strength of the pole at time t is less than the strength threshold for replacement.
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where P is the probability of replacement; Rmin is the threshold strength for replacement; and fR(r, t) is the distribution function of pole strength, which is a function of time. The probability distribution of pole strength is determined based on the decay model. The minimum strength at which poles will be replaced due to maintenance (Rmin) is based on the threshold specified by NESC (2017), which is two-third of the original design strength of the pole. The expected number of same-age poles to be replaced follows a binomial distribution and is given by the product of the number of poles in an age group and the probability of replacement, P, in Equation (5).



Model 2: Replacement Based on Optimization

In the second model, a CBM optimization approach is considered. In a CBM approach, the deterioration process is typically modeled as a time-dependent stochastic process. Therefore, this section will first focus on stochastic modeling of decay processes by accounting for the empirical decay model and climate change provided in section Wood decay model. Stochastic processes such as the gamma process can be employed in CBM to model the deterioration or decay process. For monotonic and gradual deterioration, the gamma process is deemed to be the most appropriate, and it has been used successfully in maintenance optimization because it is well-suited for modeling the temporal variability of deterioration processes (Van Noortwijk, 2009). Therefore, the gamma process is used in this case to model the decay of the wood poles. Let X(t) be a random variable denoting the deterioration of the poles at time t. The deterioration is then a stochastic gamma process {X(t), t≥0}, with the following properties (Rausand and Høyland, 2004):

i. X(0) = 0.

ii. {X(t), t≥0} has independent increments.

iii. For all 0 ≤ s < t, the random variable X(t)−X(s) has a gamma distribution with parameters (α(t−s), β) and probability density function (PDF)

[image: image]

where Γ(·) denotes the gamma function.

If X(t) is a gamma process with shape function α(t) and an inverse scale parameter β, then the expected deterioration and variance are given by (Frangopol et al., 2004):
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In modeling deterioration with a gamma process, the expected deterioration at time t is often proportional to a power law (Frangopol et al., 2004; Van Noortwijk, 2009):
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In this case, the deterioration is the decay depth as a function of time. As an example, the decay depth for a pole is plotted in Figure 4 for the case of no climate change and RCP 8.5 (mean inputs) for Miami. For the case of no climate change, the average decay rate between 1950 and 2010 is used, i.e., the decay rate is constant, and decay depth is linear with time. For the climate change case, the decay rate varies with time depending on the variation in temperature and precipitation. However, because the annual variation in the decay rate is small (see Figure 3), the decay depth (cumulative decay) is also approximately linear. As such, for both cases, it can be concluded that b in Equation (8) is equal to 1 since the expected deterioration is approximately a linear function of time. As such, the cumulative decay has a stationary gamma-distributed independent increments. Similar trends are observed for NYC and all climate change scenarios.


[image: Figure 4]
FIGURE 4. Variation of decay depth with time for Miami.


Since the deterioration is a stationary gamma process defined by a linear shape function, the corresponding probability density function of X(t) is then given by:

[image: image]

To develop the optimization model, the following assumptions are made:

1. The deterioration (decay depth) is a random process that is non-decreasing as a function of time measured on a continuous scale and modeled by a gamma process.

2. The poles are inspected at regular intervals and, therefore, replacements are carried out at regular intervals.

3. When the estimated decay is greater than the NESC decay threshold, the pole is preventively replaced at the first inspection when the threshold is passed.

4. Decayed poles are replaced with new ones of the same class. Hence, after replacement, the poles are as good as new.

5. The inspection is perfect, i.e., any decay present will be detected and measured with a negligible error.

Let ΔXi be the decay within inspection interval i, for i = 1, 2, …. Since the decay is a gamma process, ΔX1, ΔX2, …, will be independent and gamma-distributed with distribution function F(x) (Rausand and Høyland, 2004). If the poles are inspected after regular intervals of length τ; the cost of inspection, preventive replacement, and additional cost of corrective replacements are Ci, Cp, and Cc; and the mean number of inspections before preventive replacement is np, then following Rausand and Høyland (2004), the average cost per replacement cycle is:
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Since crossing of the replacement decay threshold is only detected in the first inspection after it has been exceeded, the crossing will be detected in inspection (np+1). The expected total cost per unit time is then given by Equation (11).

[image: image]

Equation (11) can be used to determine the optimal inspection interval, τ, that minimizes the expected total cost per unit time, C(τ).

To determine Pr(failure), two deterioration or condition levels are set: the “critical” level, yp, and the “failure” level, yc. Once the condition of the pole reaches the “critical” level, it is preventively replaced to avoid failure. The “critical” level, in this case, is based on the NESC requirement mentioned earlier, which is when the strength will fall below 2/3 of the initial strength. The “failure” level, yc, is higher than yp, and is the deterioration level that can jeopardize the functionality of the pole. The value of yc can be set based on experience or field observations. Note that a failure, (X(t)>yc), is not detected immediately until the next inspection. The expected total cost per unit time is then given by Equation (12).
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Based on previous discussion, F(yc−yp) in Equation (12) has a gamma distribution with a PDF given by Equation (6) and parameters ατ and β (with τ = t−s). The term [(np+1)·τ] in Equation (12) is the expected cycle length given by Equation (13) (Rausand and Høyland, 2004).
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where μτ is the mean decay in an inspection interval and μ is the slope of the plot of the cumulative decay depth with time.





ILLUSTRATIVE EXAMPLE


Pole Network Description

To demonstrate the proposed framework, a network of 200,000 southern pine poles in Miami and NYC is considered. Southern pine is selected because it is the dominant specie used in the U.S. to support distribution lines (Wolfe and Moody, 1997). The durability class is assumed to be class 1 based on the service life of the poles used, as discussed below. The poles are also assumed to be size class 4, according to ANSI-O5.1 (2002) classification. They are also assumed to be typical distribution poles supporting three Aluminum Conductor Steel Reinforced (ACSR) conductor wires with diameters of 18.3 mm and one all-aluminum conductor (AAC) neutral wire with a diameter of 11.8 mm. The span between poles is taken as 46 m (Short, 2005).

As poles in a network are constantly being replaced due to failure or excessive decay, the age of the poles in a network varies considerably. A study of the wood poles in Florida after Hurricane Wilma shows that the age of poles varies from 1 to 49 years (KEMA, 2006). The pole age distribution shown in Figure 5 is used in this research and is based on data compiled by KEMA (2006) for a utility company in Florida in 2005. The spike for poles that are 13 years old is due to the high number of failed poles caused by Hurricane Andrew. A survey of ~100,000 poles in Canada by Datla and Pandey (2006) also shows the age of most of the poles varies between 1 and 60 years with near-uniform distribution.


[image: Figure 5]
FIGURE 5. Age distribution of poles.




Corrective Maintenance Only Results

In this section, it is assumed that only corrective maintenance is carried out, i.e., poles are only replaced when they fail due to hurricane winds. Time-dependent decrease in strength due to decay is considered in the hurricane winds-induced failures. However, preventive replacement is not carried out. This scenario is considered because, according to a survey of utility companies in the U.S. by Mankowski et al. (2002), some utilities reported having an inspection and preventive maintenance program for transmission but not distribution poles.

The period considered is 2010–2099. The analysis starts in 2010 with the pole age distribution shown in Figure 5. The annual probability of failure in 2010 for each age group is then calculated using Equation (4). The mean number of failed poles in an age group is then the annual probability of failure multiplied by the number of poles in that age group. Failed poles are replaced with new poles of the same class. In the following year (2011), the decay rate is sampled from the distribution of climate parameters in that year and the strength of the poles is then updated. The annual probabilities of failure and the mean number of failed poles for each age group in 2011 is then calculated. This procedure is repeated until 2099. To determine the annual probabilities of failure, the time-dependent fragility of the poles is required. Details and data for the fragility analysis are given in Appendix A.

The average annual failure rates of poles in Miami in the case of no climate change is shown in Figure 6A. The average annual replacement rate is about 3.8% between 2010 and 2030, after which it drops to about 3.4% as older poles are replaced with new ones after failure. These percentages are, however, annual averages. Historically, the percentage of failed poles after a hurricane can vary significantly. For example, after Hurricane Wilma, Florida Power & Light had to replace 1.5% of poles exposed to hurricane winds. After Hurricane Andrew, the percentage of replaced poles was about 10.1% (KEMA, 2006).
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FIGURE 6. Percentage of failed poles in (2010–2099) (A) Miami (B) NYC.


With climate change, the average annual replacement rate in Miami between 2010 and 2030 is 3.8 and 3.9% for RCP 4.5 and RCP 8.5, respectively, as shown in Figure 6A. It then changed to 3.7 and 4.2% between 2030 and 2070, respectively. After 2070, the average increased to 4 and 4.8%, respectively. For NYC, the average annual replacement rates for the periods 2010–2030, 2030–2070, and 2070–2099 with no climate change are 0.7, 1.6, and 1.2%, respectively, as seen in Figure 6B. For RCP 4.5, the replacement rates are 0.7, 1.7, and 1.4%, respectively, for the same periods. For RCP 8.5, the replacement rates are 0.8, 2, and 1.9%, respectively, for the same period. The increase in replacement rates between 2030 and 2070 is due to the aging of existing poles while the eventual decrease between 2070 and 2099 is due to the replacement of aged poles with new ones.

Comparing the patterns of the number of failed poles with and without climate change in Miami, it can be seen that with no climate change, the pattern starts with a decrease in the number of failed poles from 2010. This is because failed poles are replaced with new ones, and the annual probability of failure of poles of specific age does not increase with time. The annual number of failed poles then increases slightly after 2046 as the poles age. However, with climate change, the number of failed poles increases slightly after 2010 before eventually decreasing. This is because even though failed poles are replaced with new ones, the annual probability of failure is increasing. As such, it takes a while for enough new poles to be installed to lead to an overall decrease in the number of failed poles despite an increase in the annual probability of failure. However, with climate change, the annual number of failed poles eventually starts to increase significantly due to aging and an increase in the annual failure probability for poles of a specific age. In NYC, the pattern remained largely the same with and without climate change due to the low hurricane risk.

Note that with climate change, the total decay depth for two poles of the same age will be different depending on the year of installation. For example, a pole that is 10 years old in 2070 (installed in 2060) will have a higher total decay depth compared to a pole that is 10 years old in 2040 (installed in 2030). Hence, the annual probability of failure will also be different. For example, the annual probability of failure of a 10-year-old pole in Miami under RCP 8.5 increased from 1.85% in 2010 to 2.67% and 3.73% in 2050 and 2099, respectively, due to climate change.

Figure 7 shows the total number of failed poles between 2010 and 2099 with and without climate change for Miami and NYC. As expected, climate change increased the total number of failed poles in Miami by about 9 and 22% for RCP 4.5 and RCP 8.5, respectively. In NYC, the corresponding increase is about 8 and 35% for RCP 4.5 and RCP 8.5, respectively. The relatively higher increase in NYC for RCP 8.5 compared to Miami can be attributed to an increase in precipitation and, consequently, a higher increase in decay rate, as discussed in section Impact of Climate Change on Decay Rate.


[image: Figure 7]
FIGURE 7. Comparison of the total number of failed (replaced) poles (2010–2099).




Preventive and Corrective Replacement Results

In this section, results combining corrective replacement (due to hurricanes, considering decay) and preventive replacement (due to decay only) are presented.


Model 1: Replacement Based on Existing Inspection Cycle

The 200,000 poles are assumed to be a sub-set of the total poles in a large network. All the poles in the sub-set are inspected every 8 years as discussed in section Preventive replacement model, with the first inspection carried out in 2010. Poles whose strength falls below two-third of the initial strength are identified and replaced with new ones during the inspection, as discussed earlier. Poles that fail due to hurricane winds are also replaced with new ones. The total number of replaced poles in any year is the summation of the two (corrective and preventive replacements).

Figure 8A shows the average annual percentage of poles replaced, considering both corrective and preventive replacement in Miami. The spikes in the figure are preventive replacements every 8 years, while the others are yearly corrective replacement. It can be seen that over 40% of the poles in the network will be replaced in 2010 due to preventive maintenance. This is because, based on the decay model adapted here, the time until a pole reaches two-third of its initial strength (time until replacement) is about 30 years. However, based on the age distribution of the poles in the network shown in Figure 5, about 35% of the poles are over 30 years old. The percentage of replaced poles due to preventive maintenance eventually decreased as the average pole age decreased due to the initial high replacement rate.


[image: Figure 8]
FIGURE 8. Percentage of poles replaced (8-year inspection cycle) (A) Miami (B) NYC.


Figure 8B shows the percentage of replaced poles in NYC. The average percentage of poles replaced due to preventive maintenance in 2010 is about 26%. It is lower than in Miami because of the lower decay rate in NYC. It should be emphasized that the decay model used in this study is for the purpose of demonstrating the proposed framework. Utility companies can develop their decay models based on wood and climate data collected over a period.

Figure 9 shows a comparison of corrective replacement only and corrective + preventive replacement in Miami with no climate change. It is seen that preventive replacement decreases the annual corrective replacement rate due to hurricanes as expected. However, the total number of replaced poles between 2010 and 2099 for the case of corrective replacement only is still lower than the total for the case of preventive + corrective replacement due to the high preventive replacement rate. The cases with climate change show similar trends.


[image: Figure 9]
FIGURE 9. Comparison of the number of replaced poles for corrective only and corrective + preventive replacement for Miami with no CC (8-year inspection cycle).




Model 2: Replacement Based on Optimization

To determine the optimal inspection cycle for network, the cost parameters in Table 2 are used. Only direct costs are included in this table. In addition to the cost parameters, the failure level, yc, needs to be defined. Recall that the critical level, yp, is the deterioration level that causes the strength of the pole to fall below 67% of the initial strength as specified by NESC. The 67% level is the decay level at which the pole strength is expected to be about the same as the design load. Hence, deterioration below the 67% level will likely lead to failure of the pole under design loads. Since yc is expected to be less than yp, for the sake of comparison, yc is henceforth assumed to be the deterioration level that will cause the strength of the pole to be <60% of the initial strength. Based on this assumption, the optimal inspection cycles for Miami with no climate, RCP 4.5, and RCP 8.5 are 9, 8, and 8 years, respectively. The corresponding optimal cycles for NYC are 14, 13, and 13, respectively. The higher values in NYC are due to lower decay rates, as seen in Figure 3. It is seen that climate change has only a small impact on the optimal inspection cycles, decreasing the values by one year in both locations. Note that if yc is taken as the deterioration corresponding to 55% of initial strength, the optimal inspection cycles for Miami increase to 17, 16, and 16 years for no climate change, RCP 4.5, and RCP 8.5, respectively. The corresponding values for NYC will be 27, 26, and 25 years, respectively. The increase in the optimal solutions is due to an increase in decay tolerance. The average annual percentage of poles replaced based on the optimal solutions will have similar trends seen in Figures 8, 9.


Table 2. Cost analysis parameters.
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Comparison of Cost Results

The present value of the total cost of pole replacement between 2010 and 2099 with and without climate change for the two locations is evaluated. The results are shown in Figure 10 for the cases of only corrective replacement and combined corrective + preventive replacement (8-year cycle and the optimal cycles). Climate change increases the total cost in both locations. Based on the 8-year inspection cycle, RCP 4.5 and RCP 8.5 increased the total replacement cost by 4 and 8%, respectively, in Miami. The corresponding increase is 3 and 6%, respectively, in NYC. Based on the optimal inspection cycle, RCP 4.5 and RCP 8.5 increased the total replacement cost by 7 and 10%, respectively, in Miami. The corresponding increase is 2 and 6%, respectively, in NYC.


[image: Figure 10]
FIGURE 10. Comparison of total replacement costs from 2010 to 2099.


Including preventive maintenance increased the total cost in all cases. Preventive replacement increased the total discounted cost by 35–41 and 94–175% in Miami and NYC, respectively. This is because of the high number of poles that need to be replaced, as discussed previously. It is also because the corrective replacement cost is not significantly higher than the preventive replacement cost, as seen in Table 2. Note that considering down time of the system and unplanned power outage as well as possible damage and hazard to the public caused by the failed pole, the actual cost of a corrective replacement would be higher than the assumed value in Table 2. If the corrective replacement cost is significantly larger than the preventive cost, then implementing the preventive maintenance will be cost-effective. The corrective replacement cost will be larger if additional expenditures (indirect costs) related for example with the disruption of the service are considered in the cost assessment. However, these indirect costs were not considered because of the lack of reliable data to assess it. The higher increase in the total cost due to the preventive maintenance in NYC is due to the lower hurricane risk and decay rate. As such, preventive maintenance is more beneficial in Miami compared to NYC. Preventive replacement reduces the cost of corrective maintenance for all cases. It decreased the corrective maintenance cost by 32–34% and 57–70% in Miami and NYC, respectively. This is because of the reduced failure risk due to having newer poles in the network as a result of the preventive maintenance strategy.

In general, an increase in the length of the inspection cycle decreases the preventive maintenance cost while increasing the corrective maintenance cost because more decayed poles being left in service. It should be noted that the comparison here is only based on cost. Other considerations, especially component and system reliability, are also important. For example, the NESC requirement to replace poles whose strength falls below two-third of the initial strength is based on reliability consideration.




CONCLUSIONS

This paper presents a framework to optimize the maintenance of a network of wood utility poles subjected to decay and hurricane hazard. The framework can be used by utility companies to determine the optimal inspection cycle for a network of poles. Two coastal locations are considered as case studies to investigate the variation of the results for different geographical conditions: Miami, Florida, and New York City, New York. The period from 2010 to 2099 is considered for the study. The impact of climate change on decay, hurricane hazard, and pole failure and replacement rate was also investigated. The correlation between strong winds during storms or hurricanes, and intense rainfall (that could modify the decay rate) is not considered in this work. Considering this correlation requires global circulation models able to simulate storms or hurricanes. Further studies will investigate the effects of this correlation when these models become available. The results of the case studies show that the proposed framework can be used to determine the optimal inspection/replacement cycle to minimize the total maintenance cost.

Based on a comparison between current typical utility maintenance practice and the optimization results, it can be concluded that the current maintenance practice by utility companies may not be the optimal approach based on cost. The optimal inspection/replacement cycle depends on location, which dictates the decay rate and hurricane hazard level. The results also show that climate change has little impact on the optimal inspection cycle. It can, however, increase the total maintenance cost over time due to the increased likelihood of failure of the poles caused by a higher decay rate and hurricane winds. Based on the current typical 8-year inspection cycle used by some utilities, climate change can increase the total maintenance cost by up to 8% in Miami and 6% in NYC, depending on the emission scenario considered.

Optimal inspection intervals where formulated for each location and climate change scenario. However, the cost-effectiveness of the inspection solutions could be improved by considering flexible inspection times to take into account, in a comprehensive way, the deep uncertainties associated to the climate-related complexity. For example, the highest level of deep uncertainty “True ambiguity” (Helmrich and Chester, 2020) considers the more realistic scenario where the future cannot be predicted. To face this scenario, inspection times should be defined and updated taking into account the feedback from a given number of years of operation under a real climate as well as new climate change predictions at the moment of the assessment/updating. Further work will be addressed to the formulation of optimal and flexible maintenance planning considering this level of deep uncertainty.

The results of the case studies show that implementing a preventive maintenance strategy decreases the number of poles that fail due to hurricane winds. However, it increases the total maintenance cost. While this may indicate that it is desirable to only carry out corrective maintenance, the results are true for the specific cost values used in the case studies that neglect indirect costs. Also, only the direct cost of damage is considered in this study. Indirect costs such as revenue loss by utility companies and losses to customers due to power outages are not considered. Other factors, such as reliability and customer satisfaction, can also affect the decision to adopt a preventive maintenance plan.
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APPENDIX A

To determine the annual probability of failure of the poles due to hurricanes and subsequently the number of failed poles, the time-dependent fragility of the poles is required. The fragility analysis is performed using Monte Carlo simulation (MCS) [see Salman and Li (2016a) for more details]. The force on the poles and conductors due to hurricane wind is estimated using Equation (A1).

[image: image]

where F is force (N), Q is air density factor, Kz is exposure coefficient, V is time-dependent basic 3 s gust wind speed, G is gust response factor, Cf is force or drag coefficient, Kzt is a topographic factor, and A is the area projected on a plane normal to the wind direction (m2). To account for P-Δ effect, ASCE-111 (2006) recommends using the method developed by Gere and Carter (1962), which is adopted in this research. The parameters used to develop the fragility curves are shown in Table A1.


Table A1. Statistical parameters for fragility analysis.
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