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   ust like all of the mariners faced long ago, being prepared for the big 

storm is crucial.  Puerto Rico has gotten hit by some of the biggest 

hurricanes in the Atlantic.  Each time, not only does it cause destruction 

to homes and buildings, but it also destroys the power grid system, 

including the buildings where the electricity is produced, as well as the 

power transmission lines.  And each time that happens, they are repaired, 

and most often not very well.  The problem was not fixed. 

When I lived in Texas, I had some roof damage over my back game room.  

During a massive storm, rainwater poured in and destroyed the ceiling 

and the corner of two walls.  The insurance company said they would 

only pay for the repair, but nothing towards fixing the root cause – several 

wooden shingles that were pulled off.  Naturally, I tried to argue with 

them, but lost.  I even asked them why they wouldn’t want to fix the roof, and they actually told me that if 

there is another storm, they would pay again for the inside damage!  The problem was not fixed. 

What we are proposing is a solution that will allow various government agencies, university research groups, 

and private industry to all be actively engaged.  With funding made available from the federal government, 

Puerto Rico will be on its way to fully secured, sustainable, and lower cost clean energy.   

 



What’s inside (and how to use it)   

• Excel model: change the gray inputs (voltage, miles, % open trench vs HDD/jack-and-bore, 

urban/rock/coastal factors, manhole spacing, crews & productivity, transitions, soft-costs, contingency, 

escalation). It outputs total CAPEX, $/mile, and a quick construction duration. 

PR Underground Transmission Costing Model Scenarios v2:  https://tinyurl.com/PRcosting    

• Word report: a concise playbook with methods, Puerto Rico-specific risks, equipment lists, schedule 

drivers, cost estimates, and references.   

Key benchmarks (to ground your first runs) 

• 115 kV underground (single-circuit, urban duct bank, XLPE): ≈ $23.3M/mile (2023$) from Connecticut 

Siting Council testimony based on Eversource data; also includes a realistic three-year end-to-end 

timeline for ~7.4 miles (≈14 months engineering/procurement + ≈22 months build with multiple crews). 

• 138 kV underground (urban mix of open-cut + bores): $14.9M/mile (2020$) with vaults ~every 2,000 

ft; study assumed 100 ft/day/crew trench production and shows the full cost breakdown across 5.5 

miles. Use the escalation input to bring to current dollars. 

• General cost multipliers: underground transmission usually runs ~4–14× overhead for the same 

voltage/distance, depending on terrain, permitting, and method. 

• Reliability trade-offs: undergrounding markedly reduces weather-driven outages (e.g., 

hurricane/wildfire risks) but repairs take longer and asset life can be shorter (often 20–40 yrs vs 30–50 

yrs overhead) without careful thermal design/monitoring. 

Puerto Rico context baked into the model 

• Where undergrounding fits: PREPA/LUMA planning explicitly includes new underground (and 

overhead) transmission lines across 38/115/230 kV classes under FEMA-supported programs—so 

targeted undergrounding segments can align with active funding channels. 

• Geology & method choices: the north-coast karst/limestone belt raises HDD/jack-and-bore complexity 

(frac-out risks, dewatering, fluid control). The report flags karst/rock as a cost factor; the spreadsheet 

exposes a Rock/Karst multiplier you can tune per segment. 

• Hurricane/coastal issues: the methods section covers vault flood protection, watertight lids, corrosion-

resistant hardware, and siting to avoid surge/sea-level hazards; the Coastal/Flood factor in the model 

lets you add the premium. (Resilience pros/cons summarized by DOE.) 

Equipment & crews (quick checklist you can lift into scopes) 

• Civil: excavators, trenchers/rock saws, vacuum excavation, trench shoring, dewatering pumps, road 

saws/pavers, dump & concrete trucks, thermal backfill placement. 

• Trenchless: HDD rigs, mud systems/containment, jack-and-bore, (microtunnel if needed). 

• Electrical: cable reel trailers, hydraulic pullers/tensioners, caterpillar pushers, climate-controlled jointing 

vans, VLF/PD test sets, link boxes, sheath bonding, surge arresters, AIS/GIS terminations. 

• Materials: XLPE HV single-core cables, 6–8" PVC/HDPE conduits, engineered thermal backfill & concrete 

encasement, precast vaults/manholes, grounding, fiber (incl. DTS/DAS). 

How the schedule engine works (in the spreadsheet) 

• Uses production rates (defaults: 100 ft/day/crew open-cut, 150 ft/day/crew trenchless; 2 days/vault 

with vaults ~every 2,000 ft)—all editable. These are grounded in utility studies; adjust to your 

contractor’s means/methods. 

• Adds a baseline 14 months for engineering + procurement (from real project testimony) and sums with 

construction months to give an overall order-of-magnitude duration. 



A Guide to Creating a Microgrid with BESS in Puerto Rico 

 

 

Executive summary 

• Why BESS for PR? Puerto Rico’s grid is fragile and blackout-prone. DOE’s PR100 study explicitly prioritizes near-

term reliability and resilience while the island transitions to 100% renewables by 2050—microgrids and storage 

are core to that plan. 

• Best-fit tech today: Utility/critical-facility BESS are predominantly lithium-ion LFP (safer than older NMC), 2–8 

hours duration typical. Cost benchmarks from NREL’s 2025 update put a 4-hour, utility-scale system at 

~$334/kWh (2024$) overnight capex; costs trend down beyond 2025. 

• Codes & safety: Design to NFPA 855 + NEC (Article 706) + UL 9540 (system listing) + UL 9540A (thermal-

runaway propagation testing); interconnection and inverter behavior per IEEE 1547-2018. UL Solutions 

• Puerto Rico context: PREB’s 2018 Microgrid Regulation created clear pathways (personal, cooperative, third-

party microgrids) and allows islanded operation while interconnection rules evolve—ideal for your critical-site 

microgrids. 

• Programs & funding: Federal dollars are flowing: PR-ERF grants (residential & community/healthcare), DOE loan 

guarantees for solar + storage, and the federal stand-alone storage ITC (30%) with elective pay for tax-exempt 

entities (hospitals, municipalities). LUMA also operates a Battery Emergency Demand Response program 

proving batteries can stabilize the grid today. 

 

1) What a utility/critical-facility BESS does 
• Peak shaving & backup: Smooths site load and keeps critical circuits alive during feeder outages; can black-start 

a microgrid with grid-forming inverters and coordinate seamlessly with diesel gensets. 

• Islanding & resynchronization: Microgrid controller (per IEEE 2030.7) switches to island mode during a 

disturbance, manages frequency/voltage, and syncs back per 2030.8 testable criteria. 

• Services today in PR: Aggregated behind-the-meter batteries are already dispatched by LUMA to avert blackouts 

(virtual power plant). That same control logic applies at campus/hospital scale. 

 

2) Recommended architecture for your critical-site microgrids 
Block diagram (conceptual): 

Grid ↔ PCC breaker ↔ Microgrid Controller (IEEE 2030.7/8) ↔ 

• PV (where available) ↔ Grid-forming BESS (LFP) ↔ Critical loads (life safety, ICT, HVAC zones) 

• Existing gensets ↔ ATS/closed-transition switchgear 

Key specs to require 

• Duration: 6–12 hours for hospitals/911/EOCs (bridges outages + fuel logistics); 4–8 hours for police 

stations/precincts. 

• Inverters: Grid-forming capable; IEEE 1547-2018 compliant; UL 1741 SB certified; black-start & “grid services” 

modes. 

• Listings & testing: UL 9540 system listing; UL 9540A test results to meet AHJ and NFPA 855 siting/separation.  

UL Solutions 



Hardening for Puerto Rico 

• Wind-rating and anchorage per local building code; flood elevation with NEMA 3R/4X enclosures; salt-

spray/corrosion mitigation; thermal management for tropical heat. 

 

3) Sizing cheat-sheet (how much battery do we need?) 
Use this quick method for concept design: 

Energy (MWh) ≈ (Critical Load MW) × (Target Autonomy hours) ÷ (Usable DoD × RTE) 

(Usable depth of discharge (DoD) ≈ 0.9; round-trip efficiency (RTE) ≈ 0.9 for Li-ion; adjust as needed) 

Example A — Regional hospital 

• Critical load (life safety + ICU + core HVAC + imaging standby): 1.5 MW 

• Autonomy target: 12 h 

• Raw energy: 1.5 × 12 = 18.0 MWh 

• Adjust for DoD & RTE: 18.0 ÷ (0.9 × 0.9) = 18.0 ÷ 0.81 = 22.22 MWh (round to ~22–24 MWh). 

• Notes: Pair with existing diesel for N+1 resilience; reserve 30–40% SOC for black-start margin. 

Example B — 911 / Emergency Operations Center 

• Critical load: 0.5 MW, autonomy 10 h → raw 5.0 MWh → 5.0 ÷ 0.81 = 6.17 MWh (spec ~6–7 MWh). 

Example C — Police station / precinct 

• Critical load: 0.15 MW, autonomy 8 h → raw 1.2 MWh → 1.2 ÷ 0.81 = 1.48 MWh (spec ~1.5–2.0 MWh). 

Duration guidance: 

• 4 h: peak shaving + short outages 

• 6–8 h: robust outage bridging 

• 10–12 h: hospital-grade resilience (lets gensets run fewer hours and ride fuel shortages) 

 

4) Capex & Opex ballpark (2024–2025 US utility context) 
• Capital: NREL’s 2025 update gives a 4-hour Li-ion system at ~$334/kWh (2024$) overnight cost; power 

components add $/kW and duration scales with $/kWh. Longer durations raise $/kWh less than linearly because 

power electronics are shared. 

o Concept example (not a bid): a 20–24 MWh hospital BESS (say 4–6 h power stack) → order-of-

magnitude $7–10M before EPC soft costs/markup specifics, site work, and PR shipping/hardening. 

• Operating: Low variable O&M; HVAC/filter changes; EMS software; augmentation or partial replacement usually 

planned around years 8–12 depending on cycling and warranty. 

• Value streams in PR: Resilience, diesel fuel savings, demand charge reduction (where applicable), participation 

in LUMA battery DR/VPP (policy-dependent for front-of-meter/behind-the-meter configurations). 

 

5) Safety & permitting checklist (what AHJs will expect) 
• NFPA 855 compliance (siting, separation distances, fire detection/suppression, ventilation, max energy per fire 

area, etc.). 

• NEC (NFPA 70) with Article 706 for ESS; coordination with Articles 690/705 where PV or interconnection applies. 



• UL 9540 certification for the integrated ESS; UL 9540A test report (latest 2025 edition acknowledged) to 

demonstrate thermal-runaway propagation behavior to the Fire Marshal. UL Solutions 

• IEEE 1547-2018 interconnection behavior (ride-through, volt/VAR, freq-watt, interoperability) and IEEE 2030.7 / 

2030.8 for microgrid controller spec/testing. 

• Puerto Rico microgrid rules: PREB’s 2018 Microgrid Regulation enables personal/cooperative/third-party 

microgrids and supports islanded operation pending interconnection frameworks—good legal footing for your 

sites. 

 

6) Puerto Rico programs & momentum (why this is timely) 
• PR100 (DOE/NREL): Roadmap to 100% RE emphasizes near-term resilience, distributed storage, and microgrids 

to protect vulnerable customers. 

• PR-ERF (Puerto Rico Energy Resilience Fund): Initial ~$450M for rooftop solar + batteries, with additional 

$325M focused on community healthcare/public housing and multifamily common areas—a strong precedent 

for public-purpose storage at critical sites. 

• DOE Loan Programs / federal funds: Loan guarantees for PR solar + storage; broader federal obligations toward 

grid recovery and resilience are substantial. 

• VPP activity: LUMA’s Battery Emergency Demand Response with Sunrun/Tesla shows batteries already 

preventing blackouts by coordinated dispatch. This supports your “BESS first line of protection” thesis. 

 

7) Chemistries & when to choose them 
• LFP Li-ion (default): Best mix of cost, safety (lower thermal runaway risk vs NMC), energy density, and maturity 

for 2–8 h. 

• Flow batteries (vanadium, iron): Consider for 8–12+ h where deep cycling and long life outweigh footprint; still 

fewer vendors & field hours than LFP but worth a pilot on longer-duration sites or where fire code setbacks are 

tight. 

• Sodium-ion / other emerging: Watchlist—interesting for hot climates and cost, but still maturing. 

 

8) Controls strategy with gensets (hospital example) 
1. Normal ops: BESS shaves peaks and reserves a “critical SOC floor” (e.g., 40%). 

2. Outage islanding: BESS goes grid-forming; noncritical loads shed; gensets start if outage exceeds (say) 2–4 hours 

or SOC hits threshold. 

3. Hybrid run: Gensets operate near best-efficiency point; BESS smooths transients and handles step loads 

(elevators, MRI chillers) → fewer nuisance trips and better fuel economy. 

4. Resync: Controller auto-matches phase/voltage/frequency and closes tie breaker when LUMA feeder is healthy. 

 

9) Phased rollout plan (how to execute this on the island) 
Phase 0: Portfolio study—rank sites by outage impact, fuel logistics, roof/yard space, flood/wind risk, and 

interconnection proximity (4–6 weeks). 

Phase 1: Two pilots (one hospital, one EOC/911) with 6–12 h autonomy, grid-forming inverters, and UL 9540/9540A 

package. 



Phase 2: Replicate to top 10–20 critical sites; standardize switchgear skids, communications, and EMS templates. 

Phase 3: Integrate distributed control so multiple microgrids can coordinate during island-wide events (building toward 

feeder- or region-level resilience envisioned in PR100). 

 

10) Procurement notes (what to ask vendors for) 
• Containerized, factory-integrated BESS with UL 9540 listing; 20–40 ft enclosures; HVAC; fire detection & clean-

agent suppression. 

• Grid-forming certified inverter stack (documentation of IEEE 1547 behaviors + black-start). 

• 9540A test report addressing module/unit/installation levels and NFPA 855 separation distances. UL Solutions 

• Augmentation plan (capacity maintenance over 10–15 years). 

• Hurricane/flood hardening package (anchorage, elevation, corrosion). 

 

11) Funding & commercial structure 
• Federal tax credit: 30% stand-alone storage ITC (Sec. 48/48E) available; elective pay (“direct pay”) means tax-

exempt owners (public hospitals, municipalities) can receive the incentive as a refund—key for PR projects. 

• Grants: PR-ERF has dedicated tranches for healthcare/community facilities; consider bundling multiple critical 

sites into a single application with standardized design. 

• Loan support: DOE loan guarantees have already targeted PR solar+storage; explore for larger campus builds. 

• Utility coordination: Explore participation in LUMA’s Battery DR/VPP for limited revenue stack + goodwill 

(keeps lights on beyond the fence). 

 

12) Risk register (and how we mitigate it) 
• Thermal event risk: Mitigate via LFP chemistry, UL 9540/9540A-proven enclosure design, NFPA 855 spacing, 

detection/suppression, and ventilation. UL Solutions 

• Supply chain/lead times: Pre-qualify 2–3 vendors; use standard “copy-exact” designs. 

• O&M gaps: Local technician training; spare parts kit; remote monitoring SLAs. 

• Policy drift: Keep designs compliant with IEEE 1547-2018 and PR microgrid regulation to reduce re-work as rules 

evolve. 

 

Quick “starter specs” you can lift 

• Hospital (regional): 22–24 MWh LFP BESS; inverter stack ~6 MW (supports large motor starts); 10–12 h 

autonomy target; UL 9540/9540A; NFPA 855; IEEE 1547-2018; microgrid controller 2030.7/8; diesel-hybrid logic; 

SOC emergency floor 40%. 

• 911/EOC: 6–7 MWh; 2–3 MW inverters (transients); 10 h autonomy; same code suite; redundant comms and 

priority feeders. 

• Police precinct: 1.5–2.0 MWh; 0.5–1 MW inverters; 8 h autonomy; outdoor pad-mount enclosure; pre-fab 

switchgear. 

 

 

 



Why this pairs well with (later) WtE + our microgrid vision 

BESS gives instant resilience and grid-forming capability now, deferring the need to site generation at every critical 

location. As the transmission/distribution rebuild proceeds—and if/when your WtE thermal vortex facilities come 

online—those distributed BESS become permanent stability assets: absorbing ramps, providing contingency spinning-

reserve equivalents, and ensuring critical loads ride through feeder trips. 

Spec Sheet (Pilot Hospital BESS) 

Project: Pilot Critical-Facility BESS — Regional Hospital, Puerto Rico 

Objective: Provide 10–12 hours of backup for critical loads (ICU, ER, imaging, life safety, HVAC core) with black-start and 

hybrid diesel operation. 

Key Specs 

• Energy capacity: ~22–24 MWh (usable) 

• Power capacity: ~6 MW (handles large motor starts, transients) 

• Duration target: 10–12 hours autonomy (before gensets engage) 

• Chemistry: Lithium-Ion, LFP (safer, long cycle life, tropical-ready) 

• Inverters: Grid-forming, IEEE 1547-2018 compliant, UL 1741 SB certified 

• System certifications: UL 9540 (integrated), UL 9540A (thermal-propagation tested) 

• Code compliance: NFPA 855, NEC Article 706, Puerto Rico Microgrid Regulation (2018) 

• Control features: 

o Microgrid controller (IEEE 2030.7/2030.8) 

o Priority load shedding + SOC floor at 40% 

o Black-start capability; seamless re-synchronization 

o Diesel-hybrid dispatch (reduces genset run-hours, saves fuel) 

• Environmental hardening: 

o Hurricane anchorage, flood elevation, NEMA 3R/4X enclosures 

o Salt-spray/corrosion coatings 

o HVAC with tropical thermal management 

Expected Benefits 

• Reliability: Critical hospital loads remain online during outages. 

• Fuel savings: Reduces diesel runtime 30–50%. 

• Scalability: Standardized design replicable at EOCs, 911 centers, police precincts. 

• Future integration: Compatible with upcoming WtE microgrid generation. 

 



 

Budgetary Bill of Materials (BoM) 

(Concept-level, 2024 pricing; excludes site-specific EPC, shipping to PR, civil works) 

Item Qty Description 
Unit Cost 

(USD) 

Extended 

(USD) 

Containerized LFP BESS (3–4 MWh 

each, UL 9540) 
7 

Factory-integrated units with HVAC, 

fire suppression 

~$1.2–1.4M 

each 
~$8.5–10M 

Grid-forming inverter stack (6 MW) 1 lot 
Bidirectional PCS, UL 1741 SB, black-

start 
~$2.0M ~$2.0M 

Microgrid controller 1 
IEEE 2030.7/2030.8 compliant, EMS 

software 
~$0.3M ~$0.3M 

Switchgear & transformers 1 lot 
Medium-voltage breakers, ATS, 

interconnect 
~$1.2M ~$1.2M 

Balance of Plant (BOP) 1 lot 
Foundations, cable trays, conduits, 

HVAC pads 
~$1.0M ~$1.0M 

Fire detection/suppression 1 lot Clean-agent + sensors ~$0.5M ~$0.5M 

SCADA & comms 1 lot Remote monitoring, integration ~$0.2M ~$0.2M 

Installation labor/EPC markup     

 

 

 

 

 

 

 

 

 

 



 

Glossary of Terms (from the report) 

• BESS (Battery Energy Storage System): A large-scale, rechargeable battery installation designed to store 

electricity and provide power during outages or grid instability. 

• MWh (Megawatt-hour): A unit of energy representing 1 MW of power sustained for one hour. 

• MW (Megawatt): A measure of power capacity — how much load the system can serve instantly. 

• LFP (Lithium Iron Phosphate): A type of lithium-ion battery chemistry with high safety and cycle life. 

• NMC (Nickel Manganese Cobalt): Another lithium-ion chemistry; higher energy density but less thermally 

stable. 

• PCS (Power Conversion System): Inverters that convert DC battery power to AC for the grid, and vice versa. 

• Grid-forming inverter: A type of inverter that can establish voltage and frequency reference, allowing the 

microgrid to operate independently when islanded. 

• Black-start: The ability of a system to re-energize a grid/microgrid without needing an external power source. 

• SOC (State of Charge): The percentage of energy stored in the battery relative to its capacity. 

• DoD (Depth of Discharge): The proportion of total capacity that can be used before recharge. 

• RTE (Round-Trip Efficiency): Percentage of energy retrieved compared to what was put into storage. 

• EMS (Energy Management System): Software/controller that optimizes charge/discharge, coordinates with 

other resources (like diesel gensets). 

• Microgrid: A localized energy network that can operate with or without connection to the main grid. 

• Islanding: When a microgrid disconnects from the grid but continues serving its own loads. 

• UL 9540 / UL 9540A: U.S. safety standards for energy storage systems and fire-propagation testing. 

• NFPA 855: Fire code for installation of energy storage systems. 

• NEC Article 706: Electrical code requirements specific to energy storage. 

• IEEE 1547-2018: Interconnection standard ensuring batteries respond safely to grid disturbances. 

• IEEE 2030.7/2030.8: Standards for microgrid controller functions and testing. 

• VPP (Virtual Power Plant): Aggregated network of distributed batteries managed like one large power plant. 

• PR100 Study: DOE/NREL roadmap for Puerto Rico to achieve 100% renewable energy by 2050. 

 

 

 



 

Cost Benchmark for a Single BESS Unit (as in the photo below) 

 

The containers in this photo are factory-integrated LFP battery enclosures, typically 3–4 MWh per 20–40 ft container 

(depending on vendor and configuration). 

Cost range (2024–2025 benchmarks): 

• Unit capacity: 3–4 MWh usable 

• Unit cost (installed, not just ex-works): $1.2M – $1.6M per container 

o Equivalent to $300–$400/kWh installed 

• Turnkey site (like photo with 8–10 containers): ~25–30 MWh → ~$10–15M before site-specific soft costs. 

    Rule of thumb: Each container like in your photo = about the backup needed for a large police station / small 

hospital wing if targeting 8–10 hours autonomy. 

 

 



Underground Transmission Lines in Puerto Rico:  

Cost, Time, and Equipment 

Prepared for: Puerto Rico–focused grid hardening and hurricane resilience planning 

Version: 2025-08 (living document; update inputs as project details evolve) 

Executive Summary 

This brief consolidates proven practices, order‑of‑magnitude costs, and schedule drivers for 

undergrounding high‑voltage transmission in Puerto Rico. It pairs with a parametric Excel model that 

you can tailor per segment (voltage, route length, trenching method, geology, urban context, and 

environmental mitigations). 

1) What Drives Cost 

Major cost components include: 

• Civil works (trench or trenchless), ductbank, thermal backfill, vaults/manholes.  

• Cables and accessories (XLPE single‑core cables, splices/joints, terminations, link boxes, sheath 

bonding).  

• Transitions at each end (overhead‑to‑underground), substation interfaces (AIS/GIS).  

• Traffic control, dewatering, shoring, restoration, and environmental compliance (permits, 

monitoring).  

• Soft costs (engineering, project/construction management), owner’s costs, contingency, and 

escalation.  

2) Reference Cost Benchmarks (edit in spreadsheet) 

Voltage / Configuration Indicative Cost (per mile) Source / Notes 

115 kV single‑circuit (urban, 

ductbank, XLPE) 
≈ $23.3M per mile (2023$) 

CT Siting Council testimony (Eversource data), 

includes engineering & contingency 

138 kV (urban mix of trench + 

bores) 
≈ $14.9M per mile (2020$) 

Tucson Electric Power / Sargent & Lundy 

study; 5.5 miles; +20% contingency 

230 kV (single‑circuit XLPE) 
Project‑dependent; often 

tens of $MM per mile 

Public records vary widely by context; set via 

vendor quotes; use model placeholder 

 



Important: The model lets you apply location factors for Puerto Rico (karst/rock, coastal/flooding, urban traffic) 

and add trenchless premiums, transition structure costs, soft costs, contingency, and escalation to current‑year 

dollars. 

 

Side-by-Side Scenario Comparison 
This table compares all three example scenarios on key parameters and outcomes. 

Scenario 
Voltage 

(kV) 
Miles CAPEX (2025$) Per Mile ($/mi) 

Construction 

Months 

Total 

Duration 

(Months) 

San Juan Coastal 

Segment 
115.0 6.0 $250,000,000 $41,600,000 15.5 29.5 

Ponce–Adjuntas 

Inland Segment 
230.0 10.0 $420,000,000 $42,000,000 16.0 30.0 

138 kV Suburban 

Corridor 
138.0 8.0 $310,000,000 $38,750,000 17.0 31.0 

3) Schedule — Typical Ranges 
A three‑year delivery for ~5–10 miles is common when materials are ordered early: ≈14 months for engineering, 

environmental review, and procurement; ≈12–22 months for construction depending on production rates, 

number of crews, trenchless crossings, vault density, traffic control, and weather windows. The spreadsheet 

computes construction months from editable crew productivity (default: 100 ft/day/crew open‑cut and 150 

ft/day/crew trenchless) and vault spacing (default: 2,000 ft). 

4) Installation Methods & Puerto Rico Considerations 
• Open‑cut ductbank with concrete encasement and engineered thermal backfill (manage high soil thermal 

resistivity to protect cable ampacity). 

• Trenchless crossings (HDD/jack‑and‑bore) under highways, rail, wetlands, and watercourses; plan for drilling 

fluid containment and frac‑out prevention, especially in karst limestone along the north coast. 

• Vaults/manholes ≈ every ~2,000 ft for splicing and maintenance access (adjust to ampacity and joint design). 

• Sheath bonding/link boxes, fiber‑optic DTS/DAS for temperature and partial discharge monitoring. 

• Coastal/flood resilience: elevation/drainage of vaults, watertight lids, sump pumps, corrosion‑resistant 

hardware, and flood barriers as needed. 

• Seismic design and liquefaction screening (Puerto Rico lies in a seismically active zone). 

• Environmental windows (turtle nesting, wetlands), hurricane season planning, detour/traffic agreements 

with municipalities. 

• Interfaces with PREB/FEMA/COR3 process and LUMA standards; align with FEMA 5‑Year Plan scopes when 

applicable. 



 

5) Equipment & Crews — Typical List 
Civil / trenching: excavators, trenchers/rock saws, vacuum excavation trucks, shoring systems, dewatering 

pumps, road saws and pavers, dump trucks, concrete trucks, thermal backfill placement equipment. 

Trenchless: HDD rig(s), reamers, drill fluid mixing/containment, jack‑and‑bore equipment, microtunnel support 

as needed. 

Electrical: cable reel trailers, hydraulic pullers/tensioners, caterpillar pushers, climate‑controlled jointing vans, 

high‑voltage test sets (VLF/PD), link boxes, surge arresters, terminations (AIS/GIS). 

Materials: XLPE transmission cables (single‑core), PVC/HDPE conduits (6–8 in), thermal backfill, precast 

manholes/vaults, grounding conductors, fiber optics (including DTS), warning mesh/tape. 

6) Reliability, O&M, and Lifecycle Notes 
Underground reduces storm‑related outages and ignition risk but has longer repair times when failures occur 

and often shorter asset lifetimes than overhead. Continuous monitoring (DTS/DAS), spare ducts/cables, and 

vault access improve restoration times. Vault flood protection and corrosion control are essential near coasts 

and floodplains. 

7) How to Use the Excel Model 
Open the 'Inputs_Outputs' sheet, edit the gray input cells (voltage, route length, trenching split, factors, and 

crew productivity). Costs scale by voltage using the base library at right; update the 230 kV base after vendor 

quotations. The model outputs total CAPEX and per‑mile figures and computes a quick construction duration. 

Use the second sheet to add unique line items. 

References (for convenience; see sources you can verify) 
• Tucson Electric Power / Sargent & Lundy (2020). 138 kV Underground Cost Analysis. 

• Connecticut Siting Council (2023). Pre‑filed testimony on 115 kV undergrounding costs and schedule. 

• U.S. DOE Grid Deployment Office (2024). Undergrounding Transmission and Distribution Lines – Resilience 

Investment Guide. 

• Wisconsin PSC (brochure). Underground Electric Transmission Lines – cost multiples vs overhead. 

• PREPA/LUMA documents (PREPA 10‑Year Plan; FEMA 5‑Year Plan Appendix B) acknowledging underground 

segments in Puerto Rico planning. 

• USGS resources on Puerto Rico karst/coastal geology (design implications for trenchless and dewatering). 

 

Note: All figures are order‑of‑magnitude and must be confirmed by detailed engineering, vendor quotes, and 

local permitting requirements. The Excel model is designed to be updated as new quotes arrive. 

 

 

 



 

 

 

 

 



Puerto Rico Underground Transmission Line Scenarios 
 
This document lays out the full input assumptions, cost build-up, and schedule results for each 

example scenario. It mirrors the Excel model but in a Word format for easier review. 

San Juan Coastal Segment 

Inputs & Assumptions 

Parameter Value 

Voltage (kV) 115 

Miles 6.0 

Open trench % 70 

Trenchless % 30 

Urban factor 1.4 

Rock factor 1.15 

Coastal factor 1.15 

Vault spacing (ft) 1800 

Vaults 18 

Transitions 2 

 

Cost & Schedule Results 

Metric Value 

CAPEX (2025$) $250,000,000 

Per Mile ($/mi) $41,600,000 

Construction Months 15.5 

Total Duration (Months) 29.5 

Notes: These results include escalation to 2025 dollars, soft costs, contingency, and location 

multipliers (urban/rock/coastal). Vault counts are based on spacing assumptions. Schedule 

combines construction productivity and ~14 months for engineering & procurement. 



 

Ponce–Adjuntas Inland Segment 

Inputs & Assumptions 

Parameter Value 

Voltage (kV) 230 

Miles 10.0 

Open trench % 90 

Trenchless % 10 

Urban factor 1.2 

Rock factor 1.0 

Coastal factor 1.0 

Vault spacing (ft) 2200 

Vaults 24 

Transitions 2 

 

Cost & Schedule Results 

Metric Value 

CAPEX (2025$) $420,000,000 

Per Mile ($/mi) $42,000,000 

Construction Months 16.0 

Total Duration (Months) 30.0 

Notes: These results include escalation to 2025 dollars, soft costs, contingency, and location 

multipliers (urban/rock/coastal). Vault counts are based on spacing assumptions. Schedule 

combines construction productivity and ~14 months for engineering & procurement. 



 

138 kV Suburban Corridor 

Inputs & Assumptions 

Parameter Value 

Voltage (kV) 138 

Miles 8.0 

Open trench % 60 

Trenchless % 40 

Urban factor 1.2 

Rock factor 1.0 

Coastal factor 1.0 

Vault spacing (ft) 2000 

Vaults 21 

Transitions 2 

 

Cost & Schedule Results 

Metric Value 

CAPEX (2025$) $310,000,000 

Per Mile ($/mi) $38,750,000 

Construction Months 17.0 

Total Duration (Months) 31.0 

Notes: These results include escalation to 2025 dollars, soft costs, contingency, and location 

multipliers (urban/rock/coastal). Vault counts are based on spacing assumptions. Schedule 

combines construction productivity and ~14 months for engineering & procurement. 



Detailed Overview: Building A Category 5 Hurricane-Resistant Building 

To design a structure capable of surviving a Cat 5 hurricane (winds 157 mph / 252 km/h and above), multiple 

engineering strategies must work together. 

1. Site and Foundation 

• Elevation and pilings: Structure should be elevated on steel, concrete, or wooden pilings, especially in 

surge-prone zones. 

• Strong anchoring: Roof and walls must be securely tethered down to the foundation. Use hurricane ties 

or metal straps rather than simple toenails. 

2. Structural Form and Geometry 

• Aerodynamic shapes: Circular, domed, radial-truss, or geodesic designs reduce wind drag and pressure 

buildup. Monolithic domes, round houses are highly resilient WIRED. 

• Prefab SIP panels: Structural Insulated Panels (SIPs), like 4″ Thermocore panels, demonstrated 

exceptional durability—even surviving 170 mph winds during Hurricane Michael thermocore.com. 

3. Structural Framing 

• Reinforced connections: Steel or engineered wood frames, heavy reinforcement such as double-bolted 

grade-8 bolts, and high-strength overlaps (e.g., 9") offer structural integrity. steelarchbuildings.com 

• Hurricane strapping & shear walls: Critical for load transfer and resistance to uplift and horizontal forces. 

Shear walls are especially effective Fox Blocks. 

4. Envelope Protection 

• Impact-resistant glazing/shutters: Reinforced windows with shatterproof materials, impact-rated 

shutters or screens (e.g., Cat 5 or motorized retractable systems) keep wind and debris out. 

actionbuildings.com 

• Hurricane screens/netting: Systems like Cat 5 or MagnaTrack screens deflect wind and debris while 

allowing airflow, reducing pressure on the building envelope MagnaTrack Screens. 

5. Roof Design 

• Wind-resistant roofing: Use metal, tile, or standing seam roofing rather than asphalt shingles. These are 

less vulnerable to wind uplift and age-related degradation . 

• Roof fastening: Secure with hurricane straps and avoid weak attachment methods. 

6. Flood and Surge Resilience 

• Elevation or pilings: As previously mentioned. 

• Flood-resistant materials and MEP: Elevate mechanical, electrical, and plumbing systems. Use flood-

resistant design strategies for survivability. 

7. MEP (Mechanical, Electrical, Plumbing) Design 

• Robust infrastructure: Implement surge protection, flood-resilient placements, and corrosion-resistant 

materials. Ensure backup power systems remain functional during extreme events. 



8. Compliance and Best Practices 

• ASCE 7 & ASCE 24 / IBC: Follow wind-load calculations and flood-resistance standards per current codes. 

• FORTIFIED Home™ (for residential): Though residential-focused, these standards offer useful guidance 

for deploying high-resilience techniques. 

• FEMA Wind Retrofit Guide: Offers retrofit strategies for enhancing resilience in existing buildings. 

9. Testing and Validation 

• Facilities like IBHS (Insurance Institute for Business & Home Safety) conduct full-scale wind testing. These 

validate that seemingly minor vulnerabilities—like unsealed roof decks or garage doors—can lead to 

catastrophic failure. 

 

 

Summary Table 

Key Area Recommended Strategies 

Foundation & Site Elevated on pilings; robust anchoring to resist uplift/surge 

Structure & Frame Circular or low-drag geometry; reinforced framework; shear walls 

Envelope Impact-rated glazing; hurricane screens; netting; secure doors/windows 

Roof Metal/standing seam or tile; strong attachment; hurricane straps 

Flood & Surge Elevate structure/components; use flood-resistant design 

MEP Systems Surge protection; elevated systems; resilient materials 

Standards & Testing Adhere to ASCE/IBC/FEMA codes; validate via wind testing 

 

Conclusion 

Creating a Cat 5 hurricane-proof commercial building involves a holistic approach—combining aerodynamic 

forms, robust structural systems, impact-resistant envelopes, elevated and resilient infrastructure, all grounded 

in engineering code requirements and validated with real-world testing. The displayed photos show how these 

principles are being practically applied in today’s buildings. 



          

 

 



Cost Estimator for Category 5 Hurricane-Proof Buildings 

Key Cost Factors for Category 5 Hurricane-Proof Construction 

Component Cost Impact 

Structural Frame 
Reinforced concrete or steel adds 10–25% over standard 
framing 

Impact-Resistant Openings Windows & doors can cost 2–3× more than standard 

Roofing System 
Hip roof + hurricane straps = 20–30% premium over 
standard 

Elevated Foundation Can add $20–$60/sq ft depending on elevation needs 

Design & Engineering 
Custom structural engineering increases soft costs by 5–
10% 

Location Factors (e.g. Puerto Rico) Shipping + labor premiums may add 15–35% 

 

        Typical Cost Ranges (2025 Estimates) 

Building Type Standard Construction Hurricane-Resistant Estimate 

Single-Family Home $150–$200/sq ft $250–$350/sq ft 

Essential Facility (Clinic, Shelter) $300–$400/sq ft $400–$600/sq ft 

Warehouse / Utility Bunker $120–$160/sq ft $180–$250/sq ft 

     Example: A 2,000 sq ft hurricane-proof home in Puerto Rico may cost $500,000–$700,000,  
depending on terrain, local codes, and supply chain. 

 

     Special Considerations for Puerto Rico 

• Labor & Materials: Costs are higher due to transport and skilled labor shortages. 

• Code Compliance: PR uses International Building Code (IBC) + special wind zones. 

• Permits & Inspections: Delays and compliance with hazard mitigation requirements. 

• Federal Grants: FEMA, HUD-CDBG-DR, and local incentives can offset costs for public or community-use 

buildings. 


